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Abstract 

Organic photovoltaics (OPV) have the potential advantages of low-cost, flexibility and 

high throughput production. However, at present their efficiency is lower than other thin 

film technologies and they are susceptible to degradation which limits cell lifetimes. 

Magnetic resonance spectroscopy is a powerful technique to study the key processes 

involved in the operation of OPV cells. In this thesis a range of electron paramagnetic 

resonance (EPR) methods are used to investigate the processes which influence cell 

efficiencies. 

The understanding of degradation pathways and how they influence cell performance is 

important if OPV cells are to reach commercialisation. The efficiency of PTB7:PC71BM 

cells is severely reduced when exposed to ambient atmosphere during processing. 

Current-voltage analysis was combined with EDMR spectroscopy to investigate the 

source of this performance loss. This investigation revealed that exposure of 

PTB7:PC71BM films to the solvent additive DIO and ambient atmosphere leads to 

electron trap formation on the PC71BM which acts as a recombination centre. 

Using time resolved EPR spectroscopy the variation of charge separation across blends 

of the DTS family of small molecule electron donors with PC61BM is investigated. 

Charge separation is found to be slowest in the [1,2,5]thiadiazolo[3,4-c]pyridine blend. 

This slower separation is accompanied by a higher population of triplet excitons formed 

by back electron transfer. This finding demonstrates that back electron transfer is a loss 

mechanism in these molecular systems when charge separation is slow. 

The EPR signatures of negative polarons on two high efficiency non-fullerene acceptors, 

ITIC and IDTBR, are identified using multifrequency light induced EPR spectroscopy. 

The polaron signatures of ITIC and IDTBR were found to overlap with polarons on P3HT 

at all three microwave frequencies. Using multifrequency simulations the negative 

polaron signatures and g-tensors of ITIC and IDTBR were determined for the first time.  
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1 Introduction 

Global energy demand is increasing. With a rising global population and the rapid 

economic growth of developing nations, the global average power consumption is 

expected to increase from its current value of 18 terawatts to 27 terawatts by 2040.[1] At 

present over 85 % of this energy demand is met with fossil fuels.[2] While there are 

sufficient fossil fuel reserves to meet the global energy requirements for the next two or 

three centuries,[3] the level of the atmospheric CO2 that would result from such a use is 

expected to cause severe environmental and societal damage.[2] Atmospheric CO2 levels 

are currently 400 ppm, and a continuation of meeting the world energy demand using 

fossil fuels as the primary energy source is predicted to raise the CO2 concentration to 

over 600 ppm by 2100.[2, 4, 5] At this level of atmospheric CO2 the global temperature is 

expected to increase 3-5 °C by the end of the century.[2, 4] The Intergovernmental Panel 

on Climate Change (IPCC) identified a 2 °C increase in global temperature to be the 

“upper limit beyond which the risks of grave damage to ecosystems, and of non-linear 

responses, are expected to increase”.[6] There is therefore a dichotomy between supplying 

the increasing energy demand required for economic and societal growth and preventing 

the global temperature rise from exceeding 2 °C. To achieve both will require a major 

shift in energy generation towards low CO2 emission sources, namely nuclear and 

renewables. 

Of the renewable energy sources, solar has by far the greatest potential in terms of scale. 

The annual energy potentially obtainable from solar radiation is over two orders of 

magnitude larger than all the other renewable energy sources combined.[7]  Using 

currently available solar photovoltaic (PV) technology the electricity demand of the 

United States could be supplied using PV installations that cover 0.4 % of the land area 

of the continental United States.[8] To put this area in perspective, it is approximately half 

of the area currently in use in the United States to grow corn crops for ethanol fuel 

production.[8] At present PV accounts for less than 1% of global electricity generation.[8] 

The primary reason for this low contribution is cost, as PV has traditionally been one of 

the most expensive energy technologies. This is changing;  the cost of PV has been rapidly 

declining over the past several decades and is now beginning to reach economic 

competitiveness with other grid scale electricity sources in certain regions of the world.[2] 
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At present crystalline silicon technology dominates the PV market, with over 90 % of the 

new installations being either monocrystalline or polycrystalline silicon.[2] While 

crystalline PV modules are highly efficient they suffer from poor mechanical flexibility 

which limits installation options; are heavy which raises installation costs; and they 

require high temperature processing which results in a large embodied energy and long 

energy payback times.[2, 9] In response to these shortcomings there are a range of emerging 

thin film technologies currently under active research such as dye sensitised, perovskite 

and organic which could provide flexible, light weight and short energy payback PV.[2, 9, 

10] 

The work presented in this thesis focuses on organic photovoltaics (OPV) which use 

carbon based semiconductors in place of silicon. These carbon based materials are 

solution processable and can therefore be deposited using low temperature and large area 

roll-to-roll methods such as spray coating and printing. While a promising technology, 

the efficiency of OPV cells and their long term stability must be improved if they are to 

reach commercialisation.[10] In this thesis the processes limiting cell efficiencies and the 

degradation mechanisms responsible for the poor stability are investigated using magnetic 

resonance spectroscopy. 

Chapter 2 introduces the chemistry and physics behind what makes certain organic 

molecules and polymers semiconducting.  This is followed by a description of the 

operational principles behind organic photovoltaic cells with discussions on the potential 

loss mechanisms.  

Chapter 3 starts with a general introduction to the theory behind electron paramagnetic 

resonance (EPR). The interactions of electrons with a magnetic field, nuclei and each 

other are described using spin Hamiltonians. The chapter then focuses on the 

paramagnetic species present in the operation of organic photovoltaic cells and describes 

their EPR signatures. 

Chapter 4 details the fabrication methods and experimental techniques that were used 

throughout the thesis. This starts with sections on OPV cell fabrication and their testing 

using steady state and variable light intensity J-V analysis. Conventional EPR 

spectroscopy is then introduced with information on continuous wave and pulsed EPR 
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spectroscopy and descriptions of the pulse sequences used within this thesis. This is 

followed by a section on electrically detected magnetic resonance spectroscopy, 

highlighting the advantages and difference in detection compared with conventional EPR. 

The chapter is concluded with an introduction into charge mobility measurements using 

the time of flight method. 

Chapter 5 presents a study into the source of the performance loss when PTB7:PC71BM 

cells are exposed to ambient atmosphere during processing. J-V analysis is combined with 

electrically detected magnetic resonance spectroscopy to reveal that the performance loss 

is due to increased trap assisted recombination as a result of DIO and oxygen mediated 

trap formation. Comparison of the magnetic resonance spectra of the blend to the neat 

components demonstrates that the recombination is caused by oxidised fullerenes which 

serve as electron traps. This study highlights the need to move away from the solvent 

additive DIO towards less reactive alternatives in order to improve air stability and 

showcases the power of electrically detected magnetic resonance spectroscopy to probe 

recombination in OPV cells. 

Chapter 6 reports a light induced and time resolved EPR study on the DTS family of 

small molecule donors. The g-tensors and hyperfine coupling constants of this family of 

donors are reported for the first time and the positive polaron is shown to be delocalised 

over two to three units of the donor molecule which may lead to more efficient charge 

separation in these systems.  Using time resolved EPR the charge separation dynamics 

are shown to vary across the DTS family, with slower separation in blends with the 

[1,2,5]thiadiazolo[3,4-c]pyridine donor compared with the fluorobenzothiadiazole 

donors. The slower charge separation in the [1,2,5]thiadiazolo[3,4-c]pyridine blend is 

accompanied by a higher population of triplet excitons formed by back electron transfer 

from the triplet CT state. This finding demonstrates that back electron transfer to the 

triplet of the donor is a loss mechanism in these molecular systems when charge 

separation is slow.  

Chapter 7 investigates the EPR properties of two new non-fullerene acceptors; ITIC and 

IDTBR. ITIC and IDTBR are blended with P3HT and the light induced EPR spectra 

recorded at three microwave frequencies. The EPR response of the negative polaron on 

the acceptor is found to be obscured by the positive polaron at all frequencies. By 
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simulating the spectra across the three frequencies the EPR signatures and g-tensors of 

negative polarons of ITIC and IDTBR are identified for the first time. To gain further 

information on the environment of the negative polarons the hyperfine coupling is 

measured using double resonance spectroscopy. These results provide information on the 

electronic excited states of this increasingly important class of molecules and can direct 

and validate the spin density distributions and conformations predicted by DFT electronic 

structure calculations. 

Chapter 8 presents a time of flight study into the charge carrier mobility of the non-

fullerene acceptor ITIC. The electron mobility of neat ITIC and in the blend with  PTB7-

Th was measured using the time of flight technique. The electron mobility was found to 

be similar in the neat film and the blend with a value of 8(2) x 10-5 cm2 V-1 s-1 at 1.5 x 105 

V cm-1, which indicates that the microstructure of the blend does not limit the electron 

mobility. The hole mobility of the blend was also measured and found to be 

approximately a factor of two to three higher than electron mobility at similar electric 

fields, which shows that the mobility in PTB7-Th:ITIC is balanced.  
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(Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
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an overview. Clim. Change  109 (1-2), 5-31 (2011). 
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2 Background 

2.1 Organic Semiconductors 

The ability to use organic molecules and polymers in a host of optoelectronic applications 

stems from their semiconducting properties, but what gives rise to this semiconducting 

nature? Our daily experience with organic materials such as polyethylene bags and 

polyvinyl chloride insulation suggests they should be electrical insulators and this is 

indeed true for the majority of organic materials. However there exists a small subset of 

organic materials with a particular electronic structure that exhibit semiconducting 

properties and shall be introduced here.  

Carbon is the building block of organic compounds, it has an atomic number of six and 

therefore six electrons which have a configuration of 1s2 2s2 2p2. The leading number is 

the principal quantum number and corresponds to the shell the electrons are in. The letter 

refers to the orbital angular momentum quantum number and describes the shape of the 

atomic orbital and the superscript is the number of electrons in that orbital type.  The 

orbitals are those given by the solution of the Schrödinger equation applied to the 

hydrogen atom and are shown in Figure 2.1. The 1s and 2s orbitals have a spherical 

probability density centred on the nucleus and capable of holding two electrons each. 

There are three 2p orbitals which are degenerate and mutually orthogonal with a figure-

of-eight probability density and are able to hold six electrons in total. It is worth stressing 

that the two lobes (red and blue) belong to a single orbital. The colour indicates the phase 

of the orbital wave function, Ψ, in that region. Strictly speaking as it is the probability 

density, |Ψ|2, shown in Figure 2.1 then the phase information should be omitted; however  

 

Figure 2.1: The probability density of the valence atomic orbitals of carbon.  
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it is common practise to retain it as it provides a useful visualisation of constructive and 

destructive interference during orbital overlap.  

In molecular orbital (MO) theory the orbitals of a molecule are constructed from a linear 

combination of the atomic orbitals of the constituent atoms. The atomic orbitals are lost 

and replaced with new molecular orbitals that describe the electron density across the 

molecule as a whole. Molecular orbitals can have two types of symmetry, σ and π.  In σ 

orbitals the electron density is found along the axis between the two nuclei. They are 

formed from the overlap of s orbitals or the ‘end on’ overlap of p orbitals as shown in 

Figure 2.2. In π orbitals the electron density is found above and below the internuclear 

axis and they are formed from the ‘side on’ overlap of p orbitals as can be seen in Figure 

2.2. As the MOs are formed from a linear combination of atomic orbitals, the orbital wave 

functions can be combined in or out of phase. Combining the orbitals in phase leads to 

 

 

Figure 2.2: σ and π molecular orbitals. 
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increased electron density between the nuclei and a lowering of the energy and are called 

bonding orbitals. An out of phase combination results in reduced electron density between 

the nuclei and a raising of the system energy; these are termed antibonding orbitals and 

denoted by a * after the orbital name. 

Considering the 1s2 2s2 2p2 electrons of carbon; the 1s orbital can be ignored as it does 

not influence the bonding which leaves the 2s and three 2p orbitals. Using MO theory the 

molecular orbitals of any organic compound could now be constructed from these atomic 

orbitals, however a pedagogical simplification can be made by introducing hybrid atomic 

orbitals. The concept of hybridisation was historically introduced to mitigate the flaws of 

the simpler valence bond (VB) theory, where it is a necessity to explain the bonding of 

carbon. In MO theory hybridisation is not required but it simplifies the description and 

allows the bonding to be easily visualised. The hybrid orbitals are constructed by a linear 

combination of the 2s and 2p orbitals, also called mixing. There are three possible types 

of hybrid orbital as shown in Figure 2.3. Mixing of the 2s and three 2p orbitals yields four 

equivalent sp3 orbitals. The mixing of the 2s and two 2p orbitals yields three sp3 orbitals 

and leaving one 2p orbital unchanged. Similarly a mixture of the 2s and one 2p orbital 

yields two sp orbitals leaving two 2p orbitals unchanged. Bonding using hybrid orbitals 

results in σ bonds. 

 

Figure 2.3: The hybrid orbitals of carbon.  The leftover p orbitals are not shown. Adapted from Köhler & 

Bässler.[1] 

The simplest organic molecule that contains both σ and π MOs is ethene and therefore 

serves as a useful example. The carbons are sp2 hybridised with four of the sp2 orbitals 

overlapping with the 1s orbitals of the hydrogen atoms to form σ bonds while the 

remaining two overlap to form the carbon to carbon σ bond. The 2p orbital on each carbon 

overlap to form a carbon to carbon π bond. An energy level diagram of the ethene MOs 
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is shown in Figure 2.4. The diagram has been simplified by ignoring the carbon hydrogen 

interactions. The molecular orbitals are filled in order of increasing energy. The orbital 

with most energy that contains at least one electron is known as the highest occupied 

molecular orbital (HOMO). The next orbital in energy is termed the lowest unoccupied 

molecular orbital (LUMO). It can be seen from Figure 2.4 that the energy separation 

between the valence shell σ and σ* MOs is substantially greater than the separation 

between the π and π*. The reason for this difference is that when σ MOs are formed there 

is a strong overlap of atomic orbitals giving rise to a large perturbation from original 

atomic orbital energies. In π MOs the p orbitals weakly overlap resulting is a smaller 

deviation in energy.  

 

Figure 2.4: Simplified energy level diagram of ethene. Interactions with the hydrogen atoms are omitted. 

Adapted from Köhler & Bässler.[1] 

The ability of an organic molecule or polymer to act as a semiconductor crucially depends 

on the energies of the HOMO and LUMO. The HOMO – LUMO separation is analogous 

to the bandgap in conventional inorganic semiconductors, and the ability to act as a 

semiconductor depends on the accessibility of these levels. In OPV cells the HOMO-

LUMO separation needs to fall within the visible or near infrared region of the 

electromagnetic spectrum so that electrons can be photoexcited from the HOMO to 

LUMO. In addition ohmic contacts to the electrodes must be possible to allow charge 

extraction in OPVs and charge injection in OLEDs. This requires that the HOMO and 

LUMO are around -5eV and -2eV respectively which is only possible with π MOs; in 
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contrast σ only compounds have a HOMO and LUMO closer to -8eV and 0 eV which 

prevents charge injection and extraction. 

The energy gap in ethene is around 7.5 eV which falls within the far ultraviolet region of 

the spectrum and is therefore still too large to serve as a semiconductor.[2] The key insight 

of what makes an organic molecule a semiconductor comes by adding additional sp2 

hybridised carbon atoms. The next molecule in complexity is 1,3 butadiene which 

contains four sp2 hybridised carbons. The p orbital on each carbon overlaps with the 

adjacent p orbitals to create continuous π MOs along the chain which is known as 

conjugation and results in delocalisation of the π electrons along the length of the 

conjugation. The four p orbitals can be combined in four different ways to create four π 

MOs as shown in Figure 2.5. 

 

Figure 2.5: Energy levels of the π molecular orbitals in 1,3-Butadiene. 

The inclusion of the two additional p orbitals in 1,3 butadiene lowers the HOMO-LUMO 

separation to around 5.5 eV.[2]  This is a general trend, as length of the π conjugation 

increases the separation between the HOMO and LUMO decreases. The length of the π 

conjugation is analogous to box length in the classic particle in a box problem; as the box 

length is increased the separation between the energy levels decreases. Extensive π 
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conjugation is the hallmark structural feature of organic semiconductors.  In addition, as 

the conjugation length is increased there is an increasingly dense cluster of electronic 

states below the HOMO and above the LUMO. In highly conjugated systems these 

clusters become quasi continuous and are analogous to the valence and conduction band 

in traditional crystalline semiconductors. By careful molecular and polymeric design the 

conjugation length can be adjusted to achieve the desired HOMO and LUMO energies 

for the optoelectronic operation of interest. Indeed one of the key advantages of organic 

semiconductors is the wealth of control available when tuning these levels. 

2.2 Organic Photovoltaics 

2.2.1 Overview 

In an organic photovoltaic cell (OPV) a thin layer of organic semiconducting material is 

sandwiched between two electrodes. When light is absorbed by the organic layer tightly 

bound singlet excitons are formed which are then split apart into free electrons and holes. 

The electrons and holes are transported through the organic layer and collected at opposite 

electrodes giving rise to a voltage and current.  Organic semiconductors possess a variety 

of attractive properties that make them well suited for use in photovoltaic devices. They 

have a high absorption coefficient which enables very thin absorbing layers of 50 – 150 

nm to be used, which reduces material costs and enables the creation of flexible and 

lightweight devices. By functionalising the semiconductors with solubilising groups the 

semiconductors can be dissolved in a wide range of organic solvents which enables large 

area and high throughput solution processed deposition methods, such as roll-to-roll 

printing and spray coating, to be employed; resulting in potentially lower fabrication 

costs.[3]  Lastly, the optical, electrical and mechanical properties of organic 

semiconductors can be extensively tuned through molecular design, enabling novel 

semiconductors to be designed to accommodate the desired application.  

In order to take advantage of these properties OPV cells with sufficient efficiency have 

to be created. Extensive research into the photophysical processes, cell fabrication 

techniques and materials development has steadily raised the power conversion efficiency 

(PCE) of OPV over the last 15 years. The PCE of OPV versus time is shown alongside 

other PV technologies in Figure 2.6, where OPV is shown by the solid red circles. As of 
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2017, OPV PCEs of greater than 10 % are now being routinely achieved,[4-7] with a record 

single junction NREL certified efficiency of 11.5%.[8] Despite this impressive 

advancement in efficiency, it can be seen from Figure 2.6 that more work needs to be 

done. The efficiency of OPV is significantly lower than commercially available 

crystalline silicon (blue) which boasts cell efficiencies of over 25 %. In addition metal 

halide perovskite solar cells (red border with yellow centre) have recently exploded onto 

the PV research scene and have achieved a truly remarkable increase in efficiency from 

10 % to 22% in under four years. When first developed the primary appeal of OPV was 

their potential of offering low cost solar power through solution processability using high 

throughput and low cost fabrication methods.[3] However in the intervening years the 

price of commercial silicon modules has been markedly reduced. Since 2008 the price of 

silicon modules has dropped from around $4 per watt to less than $1 per watt and is now 

competitive with traditional energy sources.[9] This cost reduction coupled with the rise 

of metal halide perovskites and the lower efficiency of OPV makes it doubtful that OPV 

will ever be able to compete on a price per watt level and is therefore unlikely to play a 

role in large scale power generation. Instead the commercial applications of OPV will 

likely be in niche markets where the novel properties of organic semiconductors 

 

 

Figure 2.6: NREL certified efficiencies of research cells.[10] 
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can be exploited. Their light weight and mechanical flexibility makes them well suited 

for portable power applications such as wearable electronics, chargers for consumer 

electronic devices and emerging markets such as powering the sensors required for the 

Internet of Things. In addition OPV cells possess excellent low light performance and 

have a more favourable spectral match to the emission spectrum of modern indoor 

lighting technologies than silicon.[11, 12] This makes OPV an attractive technology for 

indoor applications; where ambient room light is used to power household electronic 

devices rather than disposable batteries. Another potential role for OPV is in building 

integrated photovoltaics (BIPV).[13] Here the bandgap tunability and low film thickness 

of OPV can potentially be exploited to create aesthetic photovoltaic facades and semi-

transparent photovoltaic lamination for windows.[14] In summary, despite lower PCEs 

than other PV technologies OPV is still commercially promising and this coupled with 

the wide variety of interesting physics present in OPV makes it a valuable and rewarding 

area of research. 

2.2.2 Absorption 

The first stage in the operation of any photovoltaic cell is absorption of light. Organic 

semiconductors possess high absorption coefficients, typically in the range of 105 cm-1,[1] 

which means that a 100 nm layer is capable of absorbing nearly 90 % of the incident light 

if a reflective back contact is used. For comparison the absorption coefficient of 

crystalline silicon is over two orders of magnitude lower; with values around 103 cm-1 at 

600 nm,[15]  and therefore requires a layer several  hundreds of microns thick. While 

organic semiconductors have an advantage over silicon in terms of absorption coefficient, 

they are not so fortunate when it comes to dielectric constant. Silicon has a dielectric 

constant of ~12,[16] which screens the Coulomb interaction between the electron and hole 

formed after a photon is absorbed. The high dielectric constant and extensive charge 

delocalisation results in electron-hole binding energies of approximately 15 meV.[17] 

Given that the thermal energy at room temperature is 26 meV the electron and hole will 

quickly dissociate followed by extraction to the electrodes. In contrast the dielectric 

constant of typical organic semiconductors is significantly lower with values in the range 

3 to 4.[1, 18] When a photon is absorbed in an organic semiconductor the low dielectric 

constant combined with localisation effects,[19] leads to creation of strongly bound 

electron-hole pairs called Frenkel excitons, which have binding energies in the 0.1-0.4 



2-9 
 

eV range.[20-22] As the binding energy is over an order of magnitude larger than the 

thermal energy almost no excitons will thermally dissociate to yield free charge carriers 

at room temperature. To dissociate the exciton, early OPV cells relied on strong internal 

electric fields created by using two electrodes with a large difference in work function or 

doping the organic layer to dissociate the exciton at impurity sites.[23] However the low 

number of free charge carriers created in these early cells limited the PCE to fractions of 

a percent. The major breakthrough came in 1986 when Dr. Ching W. Tang working at 

Eastman Kodak developed the planar heterojunction architecture.[24] 

2.2.3 Exciton Diffusion & Charge Transfer 

The breakthrough demonstrated by Tang was to combine two organic semiconductors 

with differing energy levels. By combining an electron donating and electron accepting 

semiconductor, where the HOMO and LUMO energies of the donor are higher than the 

acceptor, a heterojunction is created at the interface of two semiconductors. The energy 

offset at the heterojunction can then be used to break apart the photogenerated exciton 

through electron or hole transfer as shown in Figure 2.7. Typical energy offsets are 0.4 

eV which is sufficient to promote charge transfer while limiting energy loss.  The simplest 

OPV design to achieve this is a planar heterojunction where the donor and acceptor are 

deposited one atop the other as shown in Figure 2.8a. The excitons reach the donor 

acceptor interface through diffusion which is described by a random walk hopping 

mechanism. The length that excitons can travel is termed the exciton diffusion length and 

is determined by the exciton lifetime and mobility. The one dimensional exciton diffusion 

 

 

Figure 2.7: Schematic illustration of exciton dissociation through (a) electron transfer and (b) hole transfer at a 

heterojunction. 
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Figure 2.8: Simplified architecture of (a) planar heterojunction and (b) bulk heterojunction. 

lengths in organic semiconductors are in the range of 5-20 nm.[25, 26] This poses a problem 

for the planar architecture as only excitons photogenerated within an exciton diffusion 

length of the interface will be able to reach it before recombining, which limits the organic 

layer thickness to 10-40 nm. Assuming an absorption coefficient of 105 cm-1, an exciton 

diffusion length of 15 nm and a double pass through the organic layer, only 45 % of the 

incident light will be absorbed which is far from ideal. To solve this problem the bulk 

heterojunction architecture was developed.[27] Here the donor and acceptor are blended 

together to form a phase separated bicontinuous network of donor and acceptor as shown 

in Figure 2.8b. This increases the interfacial area and increases the number of excitons 

that are within range of the interface. It should be noted that the situation depicted in 

Figure 2.8b is highly simplified.  In many blends the morphology is not a simple bi-phase 

of the donor and acceptor. Instead there can be crystalline and amorphous regions of the 

donor and acceptor individually as well as a mixed amorphous phase where the donor and 

acceptor are intimately intermixed. 

2.2.4 Charge Separation  

After exciton dissociation the electron and hole remain weakly bound due to the Coulomb 

interaction in what is known as a charge transfer (CT) or polaron pair (PP) state. In order 

to be extracted the electron and hole must be spatially separated until no longer bound. 

The driving force for charge separation in bulk heterojunction systems is still a 

contentious issue and under debate. A well supported theory is that in many high 

efficiency bulk heterojunction systems there is a spatial energy cascade which provides 

the driving force. Initial charge transfer to form CT states occurs in the finely intermixed 
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donor / acceptor phase and it has been shown that the states in this mixed phase are higher 

in energy, due to donor acceptor interactions and the amorphous nature, compared to the 

pure donor and acceptor phases.[28-30] The energy difference between the pure and mixed 

phases drives electron and hole separation and breaks apart the CT state. Once fully 

separated the electron and hole can be transported through the pure phases to the 

electrodes.  

Charge separation is in competition with several loss pathways and must outcompete 

them if a high PCE is to be obtained. The CT state can be lost by direct recombination 

back to the ground state which is known as geminate recombination. Another loss 

mechanism is through back electron transfer (BET). If the CT state is sufficiently long 

lived it will convert from its initial singlet multiplicity to triplet through spin mixing. If 

the triplet energy of the donor is lower than the CT state there will be an energetic driving 

force towards triplet exciton formation on the donor through BET, which is a terminal 

loss mechanism.[31-34] 

2.2.5 Charge Transport  

After charge separation the electron and hole must navigate through the bulk 

heterojunction until they reach the desired electrode. The efficiency of this process is 

dependent on the charge carrier mobility, the morphology of the bulk heterojunction and 

the in-built field provided by the electrodes. There are many models to describe charge 

transport in organic semiconductors but the most ubiquitous is the Gaussian Disorder 

Model (GDM) developed by Bässler.[35] As organic semiconductors are frequently 

disordered in nature, the transport through them is best described by a site to site hopping 

mechanism where the sites in question are the HOMO and LUMO energies of individual 

molecules or polymer segments for hole and electron transport respectively. In the GDM 

the energy of the hopping sites is described by a Gaussian distribution,[35] 

 �(�) = 1√2	
� exp �− ��2
�� (2.1) 

where � is the energy relative to the centre of the distribution and 
 is energetic disorder 

parameter and describes the extent of the energetic disorder in the system. The hopping 

rate between sites in this distribution is described using the Miller-Abrahams relation,[36]  
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 ��� = ��exp �−2�� Δ���� � ��� �− !� − !�"# � ;   !� % !�             1                 ;     !� & !� ' (2.2) 

where �� is a scaling factor, Δ��� is the distance between the two sites, � is an orbital 

overlap parameter, � is the average intersite distance and ! is the site energy. Hops that 

are uphill in energy must be thermally activated and are weighted by the Boltzmann 

factor. For energetically downhill hops the weighting factor becomes unity. Due to the 

disordered nature of organic semiconductors there will be a distribution of intersite 

distances. To account for this an overlap parameter, Γ = 2��, is defined and given a 

Gaussian distribution of values with a width Σ, which is known as the spatial disorder 

parameter. Using the GDM the influence of electric field and temperature on the charge 

transport of carriers can be modelled.  

To generate a voltage and current from a bulk heterojunction solar cell the electrons and 

holes must be selectively driven to opposite electrodes. If the bulk heterojunction was 

simply sandwiched between two electrodes made of the same material there would be no 

driving force for charge selectivity; electrons and holes would diffuse away from the 

interface by random hopping and have an equal probability of reaching either electrode. 

A driving force for charge selection can be provided by using two electrodes with 

different work functions.  The work function of an electrode, Ф, is the energy required to 

eject an electron to the vacuum and is the difference in energy between the Fermi level 

and the vacuum level. The isolated energy levels of a bulk heterojunction and a high and 

low work function electrode are shown in Figure 2.9a. When these materials are brought  

 

Figure 2.9 Energy level diagram of bulk heterojunction solar cell (a) before and (b) after contact of the materials. 
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together the Fermi level of the three materials aligns through electron transfer from the 

low work function electrode to the high work function electrode until equilibrium is 

obtained, which alters the energy level diagram as shown in Figure 2.9b.  There is now 

an electric potential difference between the left and right hand sides of the energy level 

diagram equal to ΔФ/e where ΔФ is the difference in electrode work functions. This 

potential gives rise to an electric field inside the cell which causes a gradient in the HOMO 

and LUMO levels. After charge separation electrons will preferentially move towards the 

right and holes towards to left in order to minimise their energy which results in 

preferential collection of electrons at cathode and holes at the anode (Figure 2.9b). In high 

efficiency bulk heterojunction cells the charge selectivity can be further increased with 

the use electron and hole blocking layers to prevent charge collection at the wrong 

electrode. 

During charge transport the electrons and holes have the potential to recombine. This 

recombination is termed non-geminate as the electron and hole originate from different 

excitons. There are two types of non-geminate recombination, bimolecular and 

monomolecular, and they are illustrated in Figure 2.10. In bimolecular recombination the 

electron and hole are both mobile and is typically modelled using Langevin theory which 

assumes that the rate limiting step is the diffusion of the electron and hole towards each 

other.[37] 

  

 

Figure 2.10 Schematic representation of non-geminate recombination through (a) bimolecular (Langevin) and 

(b) monomolecular (trap assisted) mechanisms. 
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Using Langevin theory the bimolecular recombination rate, �+, is given by, 

 �+ =  ,+(-.-/ − -��) ≈ ,+-.-/ (2.3) 

where -. and -/ are the electron and hole density under illumination, -� is the intrinsic 

carrier concentration due to thermal excitation and ,+ is the recombination rate constant 

which is given by, 

 ,+ = � 12 + 1/���4  (2.4) 

where 12 and 1/ are the electron and hole mobility respectively. As the photogenerated 

carrier densities are usually much greater than the intrinsic density, the -�� term can be 

omitted and the bimolecular recombination rate is therefore second order in the 

photogenerated carrier concentration, hence the name. A simple Langevin analysis 

usually overestimates the bimolecular recombination in bulk heterojunction solar cells by 

several orders of magnitude, and a Langevin reduction factor γ is commonly added to Eq. 

2.3 to account for the discrepancy.[38] The deviation arises from the existence of donor 

and acceptor phases in a bulk heterojunction cell which is not taken into account by 

Langevin theory, which assumes a single homogenous material. The origin of the 

reduction is still under debate. Older models put forward the idea that the phase separation 

of donor and acceptor keeps the electrons and holes spatially separated and therefore 

lowers the encounter chance.[38] However more recent developments suggest that it is the 

ability of the interfacial CT states, formed as a precursor to recombination, to dissociate 

back to free charge carriers that leads to the suppression of recombination.[39] 

The second type of non-geminate recombination is mediated through trap sites in the 

blend. A trap is a hopping site that has an energy significantly lower than the average 

energy of the distribution of hopping sites and can be considered a sub bandgap state with 

an energy between the HOMO and LUMO. A charge carrier which falls into a trap site 

therefore becomes localised to that site until it undergoes a thermally activated hop out 

of the site or recombines. The occupied trap site acts as recombination centre in the cell 

with the recombination most commonly described using Shockley, Read, and Hall (SRH) 

theory.[40, 41] Under the assumption that trap filling occurs much faster than the 

recombination, the SRT recombination rate can be written as,[42, 43] 
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 �567 = (-.-/ − -��)8.9-. + -.,:4;<=> + 8/9-/ + -/,:4;<=> (2.5) 

where -. and -/ are the density of mobile electrons and holes in the LUMO and HOMO 

of the donor and acceptor respectively, 8. and 8/ are the recombination lifetime of mobile 

electrons and holes, and -.,:4;<= and -/,:4;<= are the density of trapped electrons and 

holes. In typical solar cell the number density of photogenerated carriers will be equal 

(-. ≈ -/  ≈ -), and will be much greater than the intrinsic charge density (-� ≫  -��) 

and trap density (- ≫  -.,:4;<, -/,:4;<). Under these assumptions Eq. 2.5 can be 

simplified to, 

 �56@ = -856@ (2.6) 

where 856@ = 8.+8/. The SRT recombination rate is therefore linear in charge carrier 

density, hence its alternate name of monomolecular recombination. In general the 

extraction time for charge carriers under the in-built field must be significantly shorter 

than 856@ and ,+AB to avoid high recombination losses during charge transport. It is 

therefore important to use semiconductors with good mobility and optimise the 

morphology of the bulk heterojunction to allow rapid charge transport. 

2.2.6 Charge Extraction 

The final step in OPV operation is the extraction of the charge carriers to the external 

circuit where they can do work. In order to efficiently extract the carriers the work 

function of the electrode must be carefully chosen. The interface formed between a metal 

and a semiconductor depends on the energy difference between the Fermi level of the 

metal and the energy of the HOMO and LUMO. When the metal and semiconductor are 

brought together the Fermi level of both must align in equilibrium.  Three interface 

scenarios are possible and are shown in Figure 2.11. The first scenario is when the Fermi 

level of the metal lies between the HOMO and LUMO of the semiconductor, EA < ФM < 

IP where EA is the electron affinity and IP is the ionisation potential, and is shown in 

Figure 2.11a.  Here the difference between EF and ELUMO gives rise to an injection barrier, φe, for electrons into the LUMO of the semiconductor. Similarly the difference between 

EF
 and EHOMO defines the hole injection barrier, φh, into the HOMO of the semiconductor.  
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Figure 2.11 Energy level diagrams of metal-organic interfaces where (a) EA < ФM < IP, (b)  ФM > IP resulting 

in Fermi level pinning to EHOMO
 and (c) ФM < EA resulting in Fermi level pinning to ELUMO.  Adapted from 

Tress.[44] 

The second scenario is when the Fermi level of the metal is lower in energy than the 

HOMO of the semiconductor, ФM > IP, as shown in Figure 2.11b. Here electrons will be 

transferred from the HOMO of the semiconductor to metal until the Fermi level of the 

metal matches EHOMO, which is known as Fermi level pinning.[44] This results in a contact 

with no hole injection barrier, φh = 0, and a high electron injection barrier equal to the 

HOMO-LUMO splitting energy. Reciprocally when the Fermi level of the metal is higher 

in energy than the LUMO of the semiconductor, ФM < EA, electrons will be transferred 

from the metal to LUMO of the semiconductor which pins the Fermi level to ELUMO as 

shown in Figure 2.11c. Metal-organic interfaces are commonly described as either 

Schottky or ohmic. A Schottky contact is one with a high barrier for electron or hole 

injection resulting in an injection limited current. An ohmic contact has a small barrier 

for carrier injection (typically φ < 0.1 eV) and the current will be determined by the 

resistivity of the semiconductor. Fermi level pinning of the metal work function to the 

HOMO or LUMO of the semiconductor results in ohmic contacts for hole and electron 

injection respectively. 

In organic photovoltaics we are obviously interested in extracting the charge carriers 

rather than injecting them. It is important to avoid injection barriers at metal 

semiconductor interface in a bulk heterojunction solar cell as they reduce the maximum 

voltage that is available from the cell. To obtain the highest possible voltage a low work 

function electrode that is ohmic to LUMO of the acceptor is therefore chosen for the 

cathode (electron extraction) and high work function electrode that is ohmic to the HOMO 

of the donor for the anode (hole extraction).  
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2.2.7 Generating Power 

To generate power the solar cell must be connected to an external circuit where it can 

deliver power to a load. The current–voltage characteristics (J-V) of a solar cell connected 

to an external circuit is shown in Figure 2.12 and is divided into four quadrants. In the 1st 

and 3rd quadrants the solar cell consumes power from an external power supply and are 

used to explore the properties of the cell. In the 1st quadrant the cell is under forward bias 

and charge carriers are injected into the cell. In the 3rd quadrant photogenerated charge 

carriers are extracted under an applied reverse bias. The main area of interest is the 4th 

quadrant, as it is here where the cell generates electrical power. If the external circuit is 

open (infinite resistance) charges build up at the electrodes which creates a potential that 

prevents further current flow; this potential is known as the open circuit voltage (DEF) and 

is the maximum voltage obtainable from the cell. If the external circuit is shorted (zero 

resistance) the maximum number of photogenerated charge carriers are extracted at the 

electrodes leading to a large current flow, known as the short circuit current. The 

photocurrent is proportional to the number of absorbed photons, and therefore to the area 

of the cell. It is therefore instructive to normalise current by cell area to obtain the short 

  

 

Figure 2.12 Current-voltage characteristics of solar cell under illumination. 
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circuit current density (G5F). As power is given by the product of current and voltage the 

cell generates no electrical power at the above points. Instead the cell must be operated at 

the maximum power point (MPP) where the product of current and voltage yields 

maximum power (HIJJ). The power conversion efficiency (PCE) of the cell is given by 

dividing the maximum electrical output power by the incident optical power, HK2, on the 

cell. 

 HL! =  HIJJHK2 = DIJJGIJJHK2 = DEFG5FMMHK2  (2.7) 

It is informative to rewrite the PCE equation in terms of the DEF,  G5F  and a new parameter 

called the Fill Factor (MM). The FF is a measure of the quality of the solar cell and is the 

ratio of the maximum power (HIJJ) over the ideal maximum power (DEFG5F). 

Graphically the FF represents the squareness of the J-V curve. To obtain a high PCE 

the DEF,  G5F  and MM of the cell need to be optimised. 

2.3 References 

1. A. Köhler and H. Bässler, Electronic Processes in Organic Semiconductors: An 
Introduction. (Wiley-VCH, Weinheim, Germany, 2015). 

2. C. H. Choi, M. Kertesz and A. Karpfen, The effects of electron correlation on the 
degree of bond alternation and electronic structure of oligomers of polyacetylene. J. 

Chem. Phys.  107 (17), 6712-6721 (1997). 

3. C. J. Brabec, Organic photovoltaics: technology and market. Sol. Energy Mater. Sol. 

Cells  83 (2-3), 273-292 (2004). 

4. Y. H. Liu, J. B. Zhao, Z. K. Li, C. Mu, W. Ma, H. W. Hu, K. Jiang, H. R. Lin, H. Ade 
and H. Yan, Aggregation and Morphology Control Enables Multiple Cases of High-
Efficiency Polymer Solar Cells. Nat. Commun.  5, 8 (2014). 

5. Y. Y. Xiaofeng Lin, Li Nian, Hua Su, Jiemei Ou, Zhongke Yuan, Fangyan Xie, Wei 
Hong, Dingshan Yu, Mingqiu Zhang, Yuguang Ma, Xudong Chen, Interfacial 
Modification Layers Based on Carbon Dots for Efficient Inverted Polymer Solar Cells 
Exceeding 10% Power Conversion Efficiency. Nano Energy  26, 216-233 (2016). 

6. H. F. Yao, L. Ye, H. Zhang, S. S. Li, S. Q. Zhang and J. H. Hou, Molecular Design 
of Benzodithiophene-based Organic Photovoltaic Materials. Chem. Rev.  116 (12), 
7397-7457 (2016). 



2-19 
 

7. S. Q. Zhang, L. Ye and J. H. Hou, Breaking the 10% Efficiency Barrier in Organic 
Photovoltaics: Morphology and Device Optimization of Well-Known PBDTTT 
Polymers. Adv. Energy Mater.  6 (11), 20 (2016). 

8. J. Zhao, Y. Li, G. Yang, K. Jiang, H. Lin, H. Ade, W. Ma and H. Yan, Efficient 
organic solar cells processed from hydrocarbon solvents. Nat. Energy  1, 15027 
(2016). 

9. D. Feldman, G. Barbose, R. Margolis, M. Bolinger, D. Chung, R. Fu, J. Seel, C. 
Davidson, N. Darghouth and R. Wiser, Photovoltaic System Pricing Trends, 
Historical, Recent, and Near-Term Projections 2015 Edition, (U.S. Department of 
Energy, 2015). 

10. http://nrel.gov/pv/assets/images/efficiency-chart.png, Accessed 04/06/17. 

11. C. L. Cutting, M. Bag and D. Venkataraman, Indoor light recycling: a new home for 
organic photovoltaics. J. Mater. Chem. C  4 (43), 10367-10370 (2016). 

12. H. K. H. Lee, Z. Li, J. R. Durrant and W. C. Tsoi, Is organic photovoltaics promising 
for indoor applications? Appl. Phys. Lett.  108 (25), 5 (2016). 

13. B. P. Jelle, C. Breivik and H. D. Rokenes, Building integrated photovoltaic products: 
A state-of-the-art review and future research opportunities. Sol. Energy Mater. Sol. 

Cells  100, 69-96 (2012). 

14. C. C. Chen, L. T. Dou, R. Zhu, C. H. Chung, T. B. Song, Y. B. Zheng, S. Hawks, G. 
Li, P. S. Weiss and Y. Yang, Visibly Transparent Polymer Solar Cells Produced by 
Solution Processing. ACS Nano  6 (8), 7185-7190 (2012). 

15. M. A. Green and M. J. Keevers, Optical Properties of Intrinsic Silicon at 300 K Prog. 

Photovoltaics  3 (3), 189-192 (1995). 

16. W. C. Dunlap and R. L. Watters, Direct Measurement of the Dielectric Constants of 
Silicon and Germanium. Phys. Rev.  92 (6), 1396-1397 (1953). 

17. M. A. Green, Improved value for the silicon free exciton binding energy. AIP Adv.  3 
(11), 15 (2013). 

18. S. Torabi, F. Jahani, I. Van Severen, C. Kanimozhi, S. Patil, R. W. A. Havenith, R. 
C. Chiechi, L. Lutsen, D. J. M. Vanderzande, T. J. Cleij, J. C. Hummelen and L. J. A. 
Koster, Strategy for Enhancing the Dielectric Constant of Organic Semiconductors 
Without Sacrificing Charge Carrier Mobility and Solubility. Adv. Funct. Mater.  25 
(1), 150-157 (2015). 

19. K. Hummer and C. Ambrosch-Draxl, Oligoacene exciton binding energies: Their 
dependence on molecular size. Physical Review B  71 (8), 4 (2005). 

20. I. H. Campbell, T. W. Hagler, D. L. Smith and J. P. Ferraris, Direct measurement of 
conjugated polymer electronic excitation energies using metal/polymer/metal 
structures. Phys. Rev. Lett.  76 (11), 1900-1903 (1996). 



2-20 
 

21. S. F. Alvarado, P. F. Seidler, D. G. Lidzey and D. D. C. Bradley, Direct determination 
of the exciton binding energy of conjugated polymers using a scanning tunneling 
microscope. Phys. Rev. Lett.  81 (5), 1082-1085 (1998). 

22. J. Tsutsumi, H. Matsuzaki, N. Kanai, T. Yamada and T. Hasegawa, Charge 
Separation and Recombination of Charge-Transfer Excitons in Donor-Acceptor 
Polymer Solar Cells. J. Phys. Chem. C  117 (33), 16769-16773 (2013). 

23. G. A. Chamberlain, Organic Solar-cells - A Review. Solar Cells  8 (1), 47-83 (1983). 

24. C. W. Tang, Two-Layer Organic Photovoltaic Cell. Appl. Phys. Lett.  48 (2), 183-185 
(1986). 

25. G. J. Hedley, A. Ruseckas and I. D. W. Samuel, Light Harvesting for Organic 
Photovoltaics. Chem. Rev.  117 (2), 796-837 (2017). 

26. O. V. Mikhnenko, P. W. M. Blom and T. Q. Nguyen, Exciton diffusion in organic 
semiconductors. Energy Environ. Sci.  8 (7), 1867-1888 (2015). 

27. G. Yu, J. Gao, J. C. Hummelen, F. Wudl and A. J. Heeger, Polymer Photovoltaic 
Cells - Enhanced Efficiencies Via A Network Of Internal Donor-acceptor 
Heterojunctions. Science  270 (5243), 1789-1791 (1995). 

28. F. C. Jamieson, E. B. Domingo, T. McCarthy-Ward, M. Heeney, N. Stingelin and J. 
R. Durrant, Fullerene crystallisation as a key driver of charge separation in 
polymer/fullerene bulk heterojunction solar cells. Chem. Sci.  3 (2), 485-492 (2012). 

29. S. Shoaee, S. Subramaniyan, H. Xin, C. Keiderling, P. S. Tuladhar, F. Jamieson, S. 
A. Jenekhe and J. R. Durrant, Charge Photogeneration for a Series of Thiazolo-
Thiazole Donor Polymers Blended with the Fullerene Electron Acceptors PCBM and 
ICBA. Adv. Funct. Mater.  23 (26), 3286-3298 (2013). 

30. S. Sweetnam, K. R. Graham, G. O. N. Ndjawa, T. Heumuller, J. A. Bartelt, T. M. 
Burke, W. T. Li, W. You, A. Amassian and M. D. McGehee, Characterization of the 
Polymer Energy Landscape in Polymer:Fullerene Bulk Heterojunctions with Pure and 
Mixed Phases. J. Am. Chem. Soc.  136 (40), 14078-14088 (2014). 

31. M. Liedtke, A. Sperlich, H. Kraus, A. Baumann, C. Deibel, M. J. M. Wirix, J. Loos, 
C. M. Cardona and V. Dyakonov, Triplet Exciton Generation in Bulk-Heterojunction 
Solar Cells Based on Endohedral Fullerenes. J. Am. Chem. Soc.  133 (23), 9088-9094 
(2011). 

32. H. Ohkita, S. Cook, Y. Astuti, W. Duffy, M. Heeney, S. Tierney, I. McCulloch, D. 
D. C. Bradley and J. R. Durrant, Radical ion pair mediated triplet formation in 
polymer-fullerene blend films. Chem. Commun.  (37), 3939-3941 (2006). 

33. C. Dyer-Smith, L. X. Reynolds, A. Bruno, D. D. C. Bradley, S. A. Haque and J. 
Nelson, Triplet Formation in Fullerene Multi-Adduct Blends for Organic Solar Cells 
and Its Influence on Device Performance. Adv. Funct. Mater.  20 (16), 2701-2708 
(2010). 



2-21 
 

34. D. Veldman, T. Offermans, J. Sweelssen, M. M. Koetse, S. C. J. Meskers and R. A. 
J. Janssen, Triplet formation from the charge-separated state in blends of MDMO-
PPV with cyano-containing acceptor polymers. Thin Solid Films  511, 333-337 
(2006). 

35. H. Bassler, Charge Transport In Disordered Organic Photoconductors - A Monte-
carlo Simulation Study. Physica Status Solidi B-Basic Research  175 (1), 15-56 
(1993). 

36. A. Miller and E. Abrahams, Impurity Conduction At Low Concentrations. Phys. Rev.  
120 (3), 745-755 (1960). 

37. P. Langevin, The recombination and mobilities of ions in gases. Ann. Chim. Phys.  
28, 433-530 (1903). 

38. C. Deibel, A. Wagenpfahl and V. Dyakonov, Origin of reduced polaron 
recombination in organic semiconductor devices. Physical Review B  80 (7), 7 (2009). 

39. T. M. Burke, S. Sweetnam, K. Vandewal and M. D. McGehee, Beyond Langevin 
Recombination: How Equilibrium Between Free Carriers and Charge Transfer States 
Determines the Open-Circuit Voltage of Organic Solar Cells. Adv. Energy Mater.  5 
(11), 12 (2015). 

40. W. Shockley and W. T. Read, Statistics Of The Recombinations Of Holes And 
Electrons. Phys. Rev.  87 (5), 835-842 (1952). 

41. R. N. Hall, Electron-hole Recombination In Germanium. Phys. Rev.  87 (2), 387-387 
(1952). 

42. S. R. Cowan, W. L. Leong, N. Banerji, G. Dennler and A. J. Heeger, Identifying a 
Threshold Impurity Level for Organic Solar Cells: Enhanced First-Order 
Recombination Via Well-Defined PC84BM Traps in Organic Bulk Heterojunction 
Solar Cells. Adv. Funct. Mater.  21 (16), 3083-3092 (2011). 

43. S. R. Cowan, A. Roy and A. J. Heeger, Recombination in polymer-fullerene bulk 
heterojunction solar cells. Physical Review B  82 (24), 10 (2010). 

44. W. Tress, Organic Solar Cells: Theory, Experiment, and Device Simulation. 
(Springer International Publishing, 2014). 

 



3-1 
 

3 Electron Paramagnetic Resonance 

This chapter provides a theoretical background in electron paramagnetic resonance. It 

focuses on describing the interactions of electrons with an applied magnetic field, their 

local environment and each other using spin Hamiltonians. Details on how to obtain EPR 

spectra are introduced in the following chapter. 

3.1 An Electron in a Magnetic Field 

In 1920 Stern & Gerlach performed their famous experiment and were the first,[1-3] albeit 

unknowingly,[4] to observe the quantisation of magnetic moment due to the intrinsic 

angular momentum of the electron. The theoretical foundation for their observations was 

later provided in 1925 by Goudsmit and Uhlenbeck who postulated that by assigning 

electrons an intrinsic angular momentum, the features of experimental spectra could be 

explained.[5, 6] They named this intrinsic angular momentum ‘spin’, as they erroneously 

suggested that the rotation of the electron was the source of the angular momentum.[5, 6] 

It is the interaction of this spin angular momentum with an applied magnetic field that is 

the essence of electron magnetic resonance spectroscopy.  

The magnetic moment operator of a free electron NOP is related to the spin angular 

momentum operator QR by, 

 NOP = −S.1TQR (3.1) 

where 1T is the Bohr magneton, and S. is the free electron g-factor and is one of the most 

accurately known physical constants with a value of 2.00231930436182(52).[7] Here S. 

and 1T are chosen to be positive and the negative sign is stated explicitly, and arises from 

the negative charge of the electron. When an electron is placed in a magnetic field U the 

Zeeman interaction energy of the magnetic moment and the field is given by the following 

Hamiltonian, 

 VW.X = −U′. NOP (3.2a) 

 

 VW.X = S.1TU[. QR (3.2b) 
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where ′ denotes the transpose is being taken. By choosing U to be aligned along the z-

axis the Hamiltonian can be rewritten as, 

 VW.X = −,1̂.] (3.3a) 

 

 VW.X = S.1T, _̂] (3.3b) 

where _̂] is the z component of the spin angular momentum operator. An electron is a 

spin ½ particle and can exist in two spin states; commonly labelled the |ab and |cb states 

which are degenerate in the absence of a magnetic field. Appling the _̂] to these states 

yields, 

 _̂]|ab =  + 12 |ab (3.4a) 

where +½ and -½ are the values of magnetic spin quantum number ms of the |ab and |cb 
states respectively. The energies of the states |ab and |cb in a magnetic field are therefore 

given by the following expectation values. 

 daeVWeaf = + 12 S.1T, (3.5a) 

Application of a magnetic field breaks the degeneracy of the |ab and |cb states as the 

energy of the electron is lower when its magnetic moment is aligned parallel to the applied 

field and higher when it is anti-parallel. The energy separation between the two states is 

proportional to the strength of the applied field and is known as the Zeeman splitting. 

By applying electromagnetic radiation of appropriate frequency �, transitions between 

the two states can be induced. The resonance condition of these transitions is given by the 

following. 

 ℎ� = S.1T,  (3.6) 

Fulfilling this resonance condition and using it obtain information on the system under 

study is the essence of electron magnetic resonance spectroscopy.   

 _̂]|cb =  − 12 |cb (3.4b) 

 dceVWecf = − 12 S.1T, (3.5b) 
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3.2 What is the g-factor? 

In the previous section the response of an isolated electron to a magnetic field was 

introduced. However the electrons of interest are located in molecular orbitals and will 

therefore experience a small amount of orbital angular momentum in addition to the spin 

angular momentum. The total magnetic moment operator of the electron is then the sum 

of orbital and spin angular momentum contributions and given by,  

 NO = −1T(h_ + S.QR) (3.7) 

where h_  is the orbital angular momentum operator. In addition the spin and orbital angular 

momentum are coupled through a spin-orbit coupling term, 

 ih_ [. QR (3.8) 

where i is magnitude of the spin-orbit coupling. Using Eq. 3.7 and 3.8 the spin 

Hamiltonian of an electron in a magnetic field (Eq. 3.2) can be modified to include the 

orbital contribution. 

 VW.X = 1TU[. 9h_ + S.QR> +  ih_ ′. QR (3.9) 

In principle one could stop here and describe systems based on the above Hamiltonian. 

However from a practical standpoint it is instead more convenient to define a new variable    

g-factor S which includes the orbital angular momentum contribution. Using this 

approach the electron Zeeman interaction Hamiltonian can be rewritten as the following.  

 VW.X = S1TU[. QR (3.10) 

Details on the mathematical steps to transform Eq. 3.9 to 3.10 can be found in Weil & 

Bolton.[8] The deviation between S and S. depends on the strength of spin-orbit coupling. 

The new EPR resonance condition is simply obtained by replacing S. by S. 

 ℎ� = S1T,  (3.11) 

Organic semiconducting molecules and polymers generally have a low symmetry and the 

spin-orbit coupling is therefore anisotropic; S will therefore vary depending on the 

relative orientation of U and the molecule or polymer under study. To describe this 

anisotropy, S takes the form of a 2nd rank tensor.  
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 j = kSll Slm Sl]Sml Smm Sm]S]l S]m S]] n (3.12a) 

However it is more commonly diagonalised by transformation into the S principal axis 

reference frame, 

where Sl, Sm, and S] are the principal values of the g-tensor. The principal values of the 

g-tensor contain information on the electronic structure and symmetry of the spin 

environment and serve as a unique fingerprint of the paramagnetic species under study. 

An isotropic g-factor can also be defined, which is the average of the three principal 

values. 

 S�=o = 13 9Sl + Sm + S]> (3.13) 

When quickly referencing the g-factor of a paramagnetic species it is common to quote 

the Siso rather than the full tensor. 

For samples with a high degree of orientation, such as a single crystal, the observed g-

factor is dependent on the relative orientation of the magnetic field axis and the S 

principal axis. However organic semiconductors are generally amorphous or 

polycrystalline and will therefore be randomly oriented with respect to the magnetic field. 

As a result, the three principal values of the g-tensor are observed simultaneously in the 

EPR spectrum which is known as a powder average. The powder spectra of a spin ½ 

species with different symmetries of spin environment is shown in Figure 3.1  

   

Figure 3.1 Simulation of powder EPR spectrum for a single spin ½ species with (a) cubic g-tensor, (b) axial              

g-tensor and (c) rhombic g-tensor. 

 j = qSl 0 00 Sm 00 0 S]s (3.12b) 
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If the spin environment has cubic symmetry the three principal values will be equal         

(Sl = Sm = S]) and the EPR spectrum will be composed of a single line (Figure 3.1a).  

A single line spectrum is also obtained in liquid solutions where the three principal values 

are motionally averaged to yield a single isotropic value, S�=o. If two of the principal 

values are equal and one different (Sl = Sm ≠ S]) the spin environment has axial 

symmetry and the powder EPR spectrum will contain two peaks (Figure 3.1b).  In the 

lowest symmetry case all three g-factors are different and the spin environment has 

rhombic symmetry, resulting in an EPR spectrum with three peaks as shown in Figure 

3.1c. Therefore by measuring an EPR spectrum the principal values of the g-tensor can 

be obtained and the electronic structure of the spin environment determined. 

3.3 Interactions with Magnetic Nuclei 

Nuclei with a non-zero nuclear spin quantum number I possess an intrinsic nuclear spin 

angular momentum and an associated nuclear magnetic moment. Many of these 

magnetically active nuclei are present in organic semiconductors, such as 14N, 31P, 19F 

and most importantly 1H which guarantees that the EPR spectrum of any organic 

semiconductor will be in influenced by the nuclei. 

3.3.1 Nuclear Zeeman Interaction 

Magnetic nuclei interact with the magnetic field in the same way as an electron. The 

Zeeman interaction of a nuclear spin with the magnetic field is given by, 

 VW2X = gvμxy[. z_ (3.14) 

where gv is the nuclear g-factor, μx is the nuclear magneton and z_ is the nuclear spin 

angular momentum operator. This interaction is completely analogous to that discussed 

in the previous section and is the foundation of NMR spectroscopy. This interaction has 

little or no influence in most EPR spectroscopy due to conservation of angular momentum 

which normally imposes a ΔmI = 0 selection rule during the EPR transition, and the 

nuclear spin state therefore remains unchanged.  One notable exception is the occurrence 

of nuclear spin-flip satellites which are discussed in detail in Section 5.5.5. 
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3.3.2 Nuclear Hyperfine Interaction 

Of greater interest for EPR spectroscopy is the coupling between the electron and nuclear 

spins which is called the hyperfine interaction. The presence of a nearby nuclear spin 

alters the energy of the electron spin levels. The hyperfine interaction Hamiltonian of an 

electron spin coupled to k nuclei is given by,  

 HW/| = } QR[. ~. z_��  (3.15) 

where ~ is the hyperfine interaction tensor that describes the coupling between the 

electron and nuclear spins. HW/| is composed of two separate interactions, one isotropic 

and the other anisotropic, with different physical origins. 

 HW/| = HW/|_�.4�� +  HW/|_��< (3.16) 

The isotropic part is known as the Fermi contact interaction and arises because the 

probability density of an electron in an s orbital is non-zero at the nucleus. The finite 

probability that the electron is located at the nucleus gives rise to the interaction between 

the electron and nuclear magnetic moments. The Fermi contact interaction is given by, 

 HW/|_�.4�� = 21�3 S1TS21�|�(0)|�QR′. z_ (3.17a) 

where A� is the isotropic hyperfine coupling constant. The coupling constant is 

proportional to the electron density at the nucleus and is given by, 

 A��� =  21�3 S1TS21�|�(0)|� (3.18) 

where 1� is the vacuum permeability and |�(0)|� is the probability that the electron is at 

the nucleus. 

The anisotropic part of the hyperfine interaction is due to dipolar coupling between the 

electron and nuclear magnetic moments. The dipolar hyperfine interaction Hamiltonian 

is given by, 

 HW/|_�.4�� = A���QR′. z_ (3.17b) 
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 HW/|_��< = 1�4	 S1TS�1� �QR′. z_�� − 3(QR′. �)(QR′. �)�� � (3.19) 

where � is the vector between the electron and the coupled nucleus. Following spatial 

integration, the two interactions can be collectively described through the hyperfine 

interaction tensor � which analogously to j  can be written in a general form (Eq. 3.20a) 

or diagonalised by transformation into the � principal axis reference frame (Eq. 3.20b). 

 � = q�ll �lm �l]�ml �mm �m]�]l �]m �]] s (3.20a) 

In general the principal axes of j and � are not parallel; however in organic molecules 

and polymers the g anisotropy is typically small and the relative orientation of j and � is 

therefore not crucial. It is sometimes convenient to split � into its isotropic and 

anisotropic parts,  

 � = ��=o�� + � (3.21) 

where �� is the 3x3 identity matrix and � is the dipolar hyperfine interaction tensor.  

The effect of magnetic nuclei on the EPR spectrum of a single electron is shown in Figure 

3.2, where it has been assumed that the hyperfine interaction is isotropic only. The EPR 

spectrum of an electron with a single well defined g-factor is a Lorentzian (Figure 3.2a). 

Interaction with an I = 1/2 nucleus such as 1H splits the energy of each electron spin level 

into two, resulting in two possible EPR transitions and a doublet EPR spectrum (Figure 

3.2b). Similarly interaction with an I = 3/2 nucleus like 14N will result in a triplet EPR 

spectrum (Figure 3.2c). Frequently the electron will interact with multiple nuclei which 

splits the EPR spectrum into 2NI+1 lines where N is the number of coupled nuclei. The 

EPR spectrum of an electron coupled to 8 nuclei with the equal ��=o is shown in Figure 

3.2d. In organic semiconductors there is an abundance of protons and other magnetic 

nuclei and the electron and hole will therefore almost always be coupled to many nuclei.  

 

 � = q�l 0 00 �m 00 0 �]s (3.20b) 
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Figure 3.2 Simulation of EPR spectrum for a single spin ½ interacting with (a) no magnetic nuclei, (b) single I = 

1/2 nucleus, (c) single I = 3/2 nucleus, and (d) eight I = ½ nuclei. 

Due to the small hyperfine coupling constants and the large number of coupled nuclei, 

the hyperfine splitting in the EPR spectrum of organic semiconductors is generally not 

resolved. Instead the many hyperfine lines will overlap resulting in inhomogeneous 

broadening and a Gaussian lineshape in the EPR spectrum. In order to observe these small 

couplings directly, hyperfine spectroscopy methods such as electron nuclear double 

resonance spectroscopy (ENDOR) have to be used, which is discussed in Section 4.3.3. 

3.4 Electron-Electron Interactions 

In systems where there are multiple unpaired electrons in close proximity the spins of the 

electrons will interact. These interactions are of great importance in OPV systems when 

the electron and hole are in close proximity, such as excitons and polaron pairs, resulting 
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in large interaction energies. The electron spins interact through two distinct mechanisms, 

Heisenberg exchange and dipolar coupling, which will be introduced here. 

3.4.1 Exchange Interaction 

The exchange interaction arises from the difference in energy between symmetric and 

anti-symmetric spatial wave function overlap of electron wave functions. The isotropic 

exchange interaction between two electrons is given by, 

 HW.l = −2JQR�[ . QRT (3.22) 

where QR� and QRT are the electron spin angular momentum operator of electrons � and , 

and J is the isotropic electron exchange coupling constant. J can be approximated using 

the following exchange integral,[8] 

 J = ��;(�)��(,)| ��4	���|�;(�)��(,)b (3.23) 

where � are the spatial wave functions of the two electrons and r is the electron 

separation. In the case of two electrons there are four possible spin states. The simplest 

way of representing these states is a product of the individual spin states and is known as 

the product basis, 

 |1b = |a�aTb|2b = |a�cTb|3b = |c�aTb|4b = |c�cTb (3.24) 

where a and c (see Eq. 3.4) are the spin down and spin up states and the subscript 

specifies which electron. The Hamiltonian in Eq. 3.22 can be rewritten in matrix form 

using the product state basis. 

 HW.l = 14 �−2J 0 0 00 2J −4J 00 −4J 2J 00 0 0 −2J� (3.25) 

The eigenvectors and eigenvalues of HW.l define the singlet triplet basis and have the 

following form. 
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 |#�b = |a�aTb !@� = − 12 J
|^b = 1√2 �|a�cTb − |c�aTb  !5      =    32 J
|#�b = 1√2 �|a�cTb + |c�aTb  !@� =  − 12 J
|#Ab = |c�cTb !@A =  − 12 G

 (3.26) 

It can be seen from Eq. 3.26 that there are three eigenstates with energy − B� J and one state 

with energy �� J. The three eigenstates with equal energy form the triplet state, they have 

total spin S = 1 and their wave functions are symmetric under spin exchange. The state 

with energy 
�� J is the singlet state which has a total spin S = 0 and is antisymmetric under 

exchange of spins. The singlet and triplet states are therefore separated in energy by 

exchange coupling constant J. In the majority of organic systems J > 0 and the triplet states 

therefore lie lower in energy than their singlet counterparts. It should be noted that there 

is not a standard definition of J and it may be defined as double or opposite sign to the 

convention used here. Now that states with total spin S = 0 and S = 1 have been found, it 

is convenient to rewrite the exchange interaction in Eq. 3.22 in terms of the total spin 

operator QR = QR� + QRT.  

 HW.l = −G �QR� − 32� (3.27) 

3.4.2 Dipolar Interaction 

As the name implies the dipolar interaction arises from the dipole-dipole interaction 

between the magnetic moments of the two electrons. This is the same principle as the 

anisotropic hyperfine interaction discussed earlier. The dipolar interaction between two 

electron spins is given by, 

 HW¡�< = 1�4	 SBS�1T� �QR�[ . QRT�� − 3(QR�[ . �)(QRT[ . �)�� � (3.28) 

where SB and S� are the g factors of the two electrons, � is the inter electron vector. By 

expanding the scalar products and integrating over space, the dipolar interaction 

Hamiltonian can be rewritten, 
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 HW¡�< = QR[. ¢. QR = 2QR�[ . ¢. QRT (3.29) 

where QR is the total spin angular momentum operator (QR = QR� + QRT) and ¢ is dipolar 

coupling tensor. ¢ takes the form of second rank tensor and can be written in a general 

form or diagonalised by transformation into the principal axis reference frame. 

 ¢ = q£ll £lm £l]£ml £mm £m]£]l £]m £]] s (3.30a) 

 

 ¢ = q£l 0 00 £m 00 0 £]s (3.30b) 

¢ is traceless and the dipolar interaction can therefore be described using two independent 

parameters D and E, [9] 

 £ =  32 £] (3.31a) 

which are known as the Zero Field Splitting (ZFS) parameters. By convention D and E 

are defined so that the z-axis of ¢ is along the direction of largest dipolar 

coupling £] ≥ £l ≥ £m. The magnitude of D describes of the strength of dipolar 

interaction and is proportional to the distance between the interacting spins. E is the 

rhombicity and characterises the deviation of the dipolar interaction from axial symmetry. 

The dipolar coupling has no influence on the singlet state but causes the energies of the 

three triplet sublevels break degeneracy. The zero field energies of the triplet levels are 

given by, 

 ¥l = −£l = 13 £ − !
¥m = −£m = 13 £ + !
¥] = −£] = − 23 £    

 (3.32) 

 ! = 12 (£l − £m) (3.31b) 
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If the spin distribution is isotropic then there is no minimum energy orientation for the 

electron positions and all three levels will have equal energy (Figure 3.3a). If the spin 

distribution is oblate, squashed along z-axis, then the dipolar interaction will be 

minimised when the electrons lie the xy plane (TZ) and are able to maximise their  

 

 

Figure 3.3 Influence of the shape of the spin density distribution on the Zero Field Splitting of the triplet 

sublevels. 

separation apart. The TZ level therefore lies lowest in energy as shown in Figure 3.3b. 

Similarly a prolate spin distribution, elongation along the z-axis, results in a raising of the 

Tz level. If the spin distribution is circularly symmetric in the xy plane the Tx and Ty levels 

will be degenerate; otherwise there will be splitting of the Tx and Ty by E. Using D and E 

the dipolar interaction Hamiltonian can be rewritten in to yield, 

 HW¡�< = D §QR]� − B� QR�¨ + !9QRl� − QRm�>  (3.33) 

 

3.4.3 Spin Correlated Radical Pair 

By combining the various interactions introduced thus far a general Hamiltonian for two 

interacting electrons in a magnetic field can be written, 

 HW =  HW.X,� + HW.X,T + HW.l + HW¡�< (3.34a) 
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where it has been assumed that the two electrons have isotropic g-factors, there are no 

hyperfine interactions and the dipolar coupling between the two electrons is purely axial. 

Under the action of the Zeeman, exchange and dipolar interactions the singlet-triplet basis 

states introduced in Eq. 3.26 are no longer eigenstates of the system. The new eigenstates 

and eigenenergies of the system can be found be writing the Hamiltonian in matrix form 

and diagonalising. The matrix form of the Hamiltonian in the singlet-triplet basis is given 

by,[10-13] 

 

HW =
©
ªª
ªª
«¬ − G2 + £]2 0 0 0

0 3G 2 Q 0
0 Q − G2 − £] 0
0 0 0 −¬ − G2 + £]2 ®

¯̄
¯̄
°

 (3.35) 

where the Zeeman interaction energy of each electron has been written in terms of its 

transition frequency,  

 ¬� = S�1T,ℎ ¬T = ST1T,ℎ
¬ = 12 (¬� + ¬T) ± = 12 (¬� − ¬T) (3.36) 

and G and £] are in frequency units. The eigenvectors and eigenenergies of HW  are, 

 |1b = |#�b ¬B =  ¬ − G2 + £]2|2b = ²³´(a)|^b + ´µ-(a)|#�b ¬� = +Ω + G2 − £]2|3b = −´µ-(a)|^b + ²³´(a)|#�b ¬� = −Ω + G2 − £]2|4b = |#Ab ¬� = −¬ − G2 + £]2
 (3.37) 

 

 

 HW = S�1T, + ST1T, − G �QR� − 32� + 32 £] �QR]� − 13 QR�� (3.34b) 
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and Ω and a are defined as,  

 Ω� = ±� + �G + £]2 ��
 (3.38a) 

The eigenvectors of Eq. 3.37 define a new basis set which is commonly called the spin 

correlated radical pair (SCRP) basis. It can be seen that #� and #A states from the singlet-

triplet basis carry over unchanged while the ^ and #� states are mixed together to yield 

two new mixed states 2 and 3. The extent of mixing is described by the mixing angle  a  

which is defined by Eq. 3.38b. When the exchange coupling is very large (J >> Q) then ^-#�  mixing will be supressed, a → 0, and states 2 and 3 tend towards the pure ^ and #� 

respectively. In the opposite extreme when the coupling interactions between the spins 

are very weak (G, £] ≪ ±) then a → 	/4 and states 2 and 3 become a�cT and c�aT, 

signifying that the spins are completely independent. The SCRP basis is useful to describe 

states with coupling strengths between these two extremes. 

 

 

 

  

 tan(2a) = ±§G + £]2 ¨ (3.38b) 
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3.5 Application to Organic Photovoltaics 

3.5.1 Photoinduced Excited States  

The charge separation processes from the ground state to free charge carriers in a bulk 

heterojunction OPV cell is shown in Figure 3.4. Upon photon absorption a strongly bound 

exciton is formed. In an exciton the electron and hole are in close proximity resulting in 

a large exchange interaction and the decoupling of the singlet and triplet manifolds; the 

exciton therefore exists in a pure singlet or pure triplet state.  Due to conservation of 

angular momentum the photogenerated exciton is always formed in the singlet state. After 

the exciton diffuses to the donor acceptor interface primary electron transfer occurs to 

yield a charge separated state. In this thesis, this state will be referred to as the primary 

polaron pair (PP). This is equivalent to the interfacial charge transfer (CT) state 

commonly referred to literature. Ideally the electron and hole then spatially separate 

through secondary electron and hole transfer generating less strongly bound PPs and 

ultimately fully separated polarons. The electron and hole will frequently be referred to  

 

 

Figure 3.4 Charge Separation pathways in a bulk heterojunction OPV. The donor energy levels are shown in 

red and those of the acceptor in blue. 
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as the positive polaron (P+) and negative polaron (P-) respectively throughout this thesis. 

In organic semiconductors there will be a distortion of the molecule or polymer segment 

that an electron or hole resides on. A polaron is a quasiparticle of a charge and the 

distortion of the surroundings due to that charge. In EPR spectroscopy the term polaron 

is particularly well suited as it emphasises that the paramagnetic species detected is the 

entire positively or negatively charged molecule or polymer segment with associated 

spin-orbit coupling and hyperfine interactions. In addition to free polaron formation there 

are other unwanted pathways such as recombination to the singlet ground state and triplet 

exciton formation. With the exception of the singlet exciton, the states depicted in Figure 

3.4 are EPR active which makes EPR spectroscopy a powerful tool to probe the excited 

states in OPV cells. Each of these EPR active states will now be discussed in detail. 

3.5.2 Polaron Pair 

The primary polaron pair lifetime in a typical OPV bulk heterojunction solar cell is on 

the order of picoseconds.[14] However the time resolution of a time-resolved EPR 

measurement (TR-EPR), as will be discussed in further detail in Section 4.35, is at best 

100 ns. The primary and intermediate polaron pairs (partially separated through electron 

and hole transfer) are therefore not observable using TR-EPR. Instead it is polaron pairs 

that have undergone many electron and hole transfer steps and have lifetimes in the 

hundreds of nanoseconds range that will be observed during a TR-EPR measurement. 

These long lived TR-EPR observable states are termed secondary polaron pairs. 

From an EPR perspective a secondary polaron pair consists of two interacting spin ½ 

species. The energy levels of this system in a magnetic field are given by the SCRP 

eigenstates introduced in Eq. 3.37. There are four allowed transitions (Δms = ± 1) between 

these four eigenstates,  

 ¬B� =  ¬ − Ω − J + £]
¬�½ =  ¬ − Ω + J − £]
¬B� =  ¬ + Ω − J + £]
¬�½ = ¬ + Ω + J−£]

 

 

(3.39) 
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The energy levels and EPR stick spectrum of the polaron pair are shown in Figure 3.5. It 

can been seen that the spectrum consists of a pair of doublets seperated by 2Ω with a 

doublet splitting of 2J−2£]. In the absence of exchange and dipolar coupling the 

spectrum will collapse into two lines, shown by the dotted lines, which is the EPR 

spectrum of two non-interacting polarons.  

 

 

Figure 3.5 Energy levels and stick spectrum of secondary polaron pair with Boltzmann population.  The ordering 

has assumed J > 0 and D < 0. 

The spectrum shown in Figure 3.5 assumes that the energy levels have standard thermal 

populations given by Boltzmann statistics. However the polaron pair is generated from a 

singlet exciton and due to conservation of angular momentum the only states that can be 

populated are those with some singlet character. Therefore only states 2 and 3 will be 

populated, with average populations proportional to ²³´�(a) and ´µ-�(a) respectively. 

The EPR spectrum of singlet populated polaron pair is shown in Figure 3.6. It can be seen 

that the non-Boltzmann population gives rise to spectrum that contains alternating 

absorption (blue) and emission (red) components. The relative intensity of each transition 

is proportional to the product of the population difference of the two states and the 

transition probability given by Fermi’s golden rule. Propagating these populations and 

probabilities yields four transitions with equal intensity with two in emission and two in 

absorption.[13] An EPR spectrum exhibiting emission and absorption components is said 

to be polarised. The polarisation mechanism just described is commonly called the spin  
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Figure 3.6 Energy levels and stick spectrum of secondary polaron pair with excess population in the states with 

some singlet character.  The ordering has assumed  J > 0 and D < 0. Emission is shown in red and absorption in 

blue. 

correlated radical pair mechanism (SCRPM). It is a specific type of chemically induced 

dynamic electron polarisation (CIDEP). 

A secondary polaron pair detected in a TR-EPR measurement is therefore expected to 

have an EAEA or AEAE polarisation pattern depending on the signs of J and £]. The 

SCRPM assumes that the polarisation of the polaron pair is wholly generated during the 

TR-EPR measurement. This assumption is valid as long as the primary and intermediate 

polaron pairs that precede the secondary separate sufficiently rapidly so as not to allow 

significant S-T0 mixing to occur.[15, 16] If there is a long lived primary or intermediate 

polaron pair the polarisation of the secondary polaron pair will be distorted due to 

polarisation built up during the separation process that carriers over to the secondary 

polaron pair. This polarisation build up can be explained using a closely related CIDEP 

mechanism known as the radical pair mechanism (RPM).[13] The RPM essentially makes 

the opposite assumption to the SCRPM. It is assumed that the polarisation observed 

during a TR-EPR measurement arises wholly from polarisation built up during the 

separation and that there is no interaction between the polarons at the time of 

measurement. 
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Assuming the spins are not interacting at the time of measurement the polarisation is 

given by population difference of the a and c uncoupled basis states of each polaron. The 

polarisation is therefore given by,[13] 

 ¾� = 1¿ 9¿(c�cT) + ¿(c�aT) − ¿(a�cT) − ¿(a�aT)>
¾T = 1¿ 9¿(c�cT) + ¿(a�cT) − ¿(c�aT) − ¿(a�aT)> (3.40) 

where ¾� and ¾T are polarisations of polaron A and B. The origin of this polarisation can 

be visualised by considering the transition frequencies given by Eq. 3.39. When there is 

no interaction between the spins, J and £] are zero and there are now two pairs of 

degenerate transitions, 

 ¬B� = ¬�½ =  ¬ − Q = ¬T
¬B� = ¬�½ =  ¬ + Q = ¬�  

 

(3.41) 

which are just the transition energies of each independent polaron. States 1 to 4 are now 

the uncoupled product states obtained when a → 	/2 and defined in Eq. 3.24. 

The energy levels and stick spectrum of this situation is shown in Figure 3.7. Assuming 

an initial singlet state, only states |2b and |3b will be populated after electron transfer. In 

the absence of ^-#� mixing during charge separation the populations of states |2b and |3b 
will be ²³´�(a) and ´µ-�(a) respectively and the transition probability for ¬B� and  ¬�½ 

is ´µ-�(a) and ²³´�(a) respectively. The transition intensity is given by the product of 

the population difference and the transition probability, and therefore the ¬B� and  ¬�½ 

transitions will have the same intensity of ´µ-�(a)²³´�(a).[13] However one transition is 

in emission and the other in absorption, and these transitions will therefore cancel. The 

same situation applies to the ¬B�, ¬�½ transitions and therefore no polarised EPR 

spectrum will result. If ^-#� mixing occurs during separation of the polaron pair, the 

population of states |2b and |3b  are perturbed from their initial values and the ¬B�, ¬�½ 

and  ¬B�, ¬�½ transitions therefore do not cancel completely and an EPR spectrum with 

EA or AE polarisation results. This is illustrated in the right panel of Figure 3.7 where the 

dotted stick lines show the magnitude of each transition and the solid lines show the net 

polarisation. 



3-20 
 

 

Figure 3.7 Energy levels and stick spectrum of separated polaron pair where polarisation has built up during.  

The ordering has assumed  J > 0 and D < 0. Emission is shown in red and absorption in blue. 

The polarisation pattern exhibited by many OPV blends is a combination of the 

polarisation arising from both the SCRPM and RPM, as would be expected for a 

sequential electron transfer system.[15, 16] If the primary and intermediate polaron pairs 

separate rapidly then negligible polarisation will build up during charge separation the 

polarisation pattern of the observable secondary polaron pair is EAEA as expected from 

the SCRPM. If charge separation is slower the primary or intermediate polaron pairs can 

be long enough lived for significant ^-#� mixing to occur which will distort the 

polarisation pattern of the observable secondary polaron pairs from EAEA towards EA. 

The slower the charge separation the more ^-#� mixing that can occur and greater the 

distortion.[15, 16] 

3.5.3 Free Polarons 

After the positive and negative polaron have separated they can be treated independently 

and each will give rise to its own EPR signal. When the EPR spectrum is recorded in the 

standard manner (not timed with the laser flash) any polarisation that built up during the 

separation will have decayed and the spin states of each polaron will have a standard 

Boltzmann population, and the EPR transitions will therefore be purely absorptive. In 

OPV blends the positive polaron will be located on the electron donor and the negative 

polaron on the acceptor. The EPR spectrum will therefore consist of two components with 

different g-factors and linewidths corresponding to the different local environment of the 



3-21 
 

positive and negative polarons. The light induced EPR spectrum of the classic 

P3HT:PC61BM blend is shown in Figure 3.8. Recording the spectrum at 9.8 GHz (Figure 

3.8a) shows two peaks corresponding to the positive and negative polaron. In order to 

obtain more information from the spectrum it is beneficial to record the spectrum at a 

higher microwave frequency which separates the components of the g-tensor in magnetic 

field and enables the principal values to be resolved as shown in Figure 3.8b. 

 

  

Figure 3.8 Light induced EPR spectrum of P3HT:PC61BM at (a) 9.8 GHz and (b) 94 GHz. 

 

3.5.4 Triplet Excitons 

Triplet excitons are a potential loss mechanism in OPV cells and their presence can be 

detected using EPR. A triplet exciton consists of an electron and hole in close proximity 

which form a tightly bound neutral quasi particle with total spin S = 1. The spins of the 

electron and hole will interact through exchange and dipolar coupling. Due to the close 

proximity of the electron and hole the exchange coupling interaction is very large (G >> ±) and a → 0 (Eq. 3.37). States |2b and |3b therefore become the pure singlet |^b and 

triplet states respectively |#�b. This is the strong coupling regime and the exciton exists 

in either the pure singlet or pure triplet state and EPR transitions between these states are 

forbidden. All photogenerated excitons will initially be in the singlet state due to 

conservation of angular momentum during photoexcitation; however the singlet exciton 
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is EPR silent. Instead EPR is able to detect triplet excitons by exciting transitions within 

the three triplet sublevels as shown in the top panel of Figure 3.9. 

Due to the close proximity of the electron and hole the EPR spectrum of a triplet exciton 

is dominated by the dipolar interaction introduced in Section 3.4.2. The shape of the triplet 

exciton spectrum is determined by the zero field splitting parameters £ and ! (Eq. 3.31) 

which describe the symmetry of the triplet exciton distribution. The triplet exciton 

spectrum will be normally be a powder average of all possible orientations of the 

molecule or polymer segment with respect to the magnetic field. The origin of the triplet 

exciton EPR spectrum is illustrated in Figure 3.9. The position of the transitions between 

the three sublevels is dependent on the relative orientation of the molecule, more 

specifically the dipolar principal axis reference frame, and the applied magnetic field.  In 

the upper panel of Figure 3.9 the energies of the triplet sublevels and transition positions 

when the magnetic field is aligned along the three principal axis of the dipolar principal 

axis frame are shown. Assuming that the molecule or polymer is randomly orientated in 

the magnetic field the triplet spectrum shown in the lower panel of Figure 3.9 is built up 

by averaging across every possible orientation. Figure 3.9 also shows how the magnitudes  

  
 

   

Figure 3.9 Origin of the triplet exciton spectrum assuming a Boltzmann of the triplet sublevels. The upper panel 

shows the energy of the triplet sublevels when the magnetic field is orientated along the three principal axis of 

the dipolar principal axis reference frame. The lower panel shows how the transitions at these three orientations 

build up the powder spectrum. The energies of the triplet levels are such that D > 0 and E < 0. Adapted from 

Richert et. al.[17] 
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of £ and ! can be obtained from the turning points of the triplet exciton spectrum and 

which serve as a finger print. It is important to emphasise that only the magnitudes of £ 

or ! can be obtained from the EPR spectrum; it provides no insight into the sign. The 

spectra shown in Figure 3.9 assume that the triplet levels #�, #�, and #A are populated 

with a Boltzmann distribution and all transitions are therefore absorptive. In practise this 

never occurs as the triplet exciton is a short lived species and the population of the triplet 

levels will crucially depend on how the triplet was formed. The populations will therefore 

deviate from a Boltzmann population which results in polarisation of triplet exciton 

spectrum. 

As shown back in Figure 3.4 there are two pathways to generate a triplet exciton, 

intersystem crossing (ISC) from the singlet exciton and back electron transfer (BET) from 

the polaron pair. These two processes result in different populations of the triplet 

sublevels and the pathway can therefore be identified from the polarisation pattern of the 

triplet exciton spectrum. The two routes are shown as a Jablonski diagram in Figure 3.10. 

In the ISC route a singlet exciton is generated on either the donor or acceptor and before 

it has a chance to reach the donor acceptor interface it undergoes intersystem crossing to 

the triplet state. Intersystem crossing occurs because the spin-orbit coupling results in a 

mixing of the singlet and triplet states. The spin-orbit coupling interaction is anisotropic 

and the singlet-triplet mixing will therefore vary in the x, y and z directions of the  

 

  

Figure 3.10 Jablonski diagram of (a) ISC and (b) BET triplet exciton formation pathways. 
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molecule. The zero field triplet sublevels are therefore populated differently depending 

on the spin-orbit coupling in that direction as illustrated in Figure 3.10a. The population 

of the high field states #�, #�, and #A is determined by propagating the population of the 

zero field states to high field. Assuming that B0 is along the z axis of the dipolar reference 

frame the population of the high field states is given by,[17] 

  � =  ]
 � = 12 9 l +  m>
 A = 12 9 l +  m>

 (3.42) 

where  � is the population of each state. Analogous conversions exist when the magnetic 

field is oriented along the other two axes. The polarisation of the triplet exciton spectrum 

arising from selective population of the zero field sublevels through ISC is shown in 

Figure 3.11. The energy of the triplet levels is shown in the upper panel of  Figure 3.11, 

where it has been assumed that the #l level has been preferentially populated through ISC 

( l >  m,  ]). The relative populations of the zero field and high field triplet sublevels are  

Figure 3.11 Polarisation of triplet exciton spectrum from ISC. It has been assumed that there is preferential ISC 

into the Tx level. The relative population of the levels is indicated by the thickness of the lines. The energies of 

the triplet levels are such that D > 0 and E < 0. Adapted from Richert et al.[17] 
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shown by the thickness of the lines. It can be seen that selective population of #l gives 

rise to both absorption and emission transitions between the triplet sublevels. This gives 

rise to a polarised triplet exciton EPR spectrum as shown in the lower panel. The 

polarisation pattern of this triplet exciton is EEAEAA; many different ISC polarisation 

patterns are possible depending on the relative populations of the zero field levels and the 

sign of £. 

The second route of triplet exciton formation is back electron transfer from the polaron 

pair. Depending on the community this is also called the ^-#� triplet or the recombination 

triplet. The origin of the selective population is illustrated in Figure 3.10b. A singlet 

exciton is generated in either the donor or acceptor which reaches the interface and 

electron transfer occurs generating a singlet polaron pair. As discussed in Section 3.5.2 ^-#� mixing shifts population between the ^ and #� states and the polaron pair therefore 

acquires triplet character. A triplet exciton can then be generated by transfer of an electron 

back to the donor molecule (BET). In the polaron pair only the #� sublevel is populated 

through ^-#� mixing and this population carries over, resulting in a triplet exciton where 

the #� is selectively populated as shown in Figure 3.10b. This is the crucial difference  

 

Figure 3.12 Polarisation of triplet exciton spectrum arising from the BET mechanism which preferentially 

populates the T0 sublevel. The relative population of the levels is indicated by the thickness of the lines. The 

energies of the triplet levels are such that D > 0 and E < 0. Adapted from Richert et al.[17] 
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between the ISC and BET polarisation mechanisms. In ISC the zero field states are 

populated unequally and the populations then propagated to the high field states while in 

the BET mechanism the high field states are populated directly. The energy levels and 

polarisation pattern resulting from this mechanism are shown in Figure 3.12. When £ > 

0 the triplet exciton has an AEEAAE pattern and the inverse when £ < 0. This polarisation 

pattern is unique to BET, it cannot be generated through any combination zero field state 

populations. The polarisation pattern of the triplet exciton detected in a TR-EPR 

measurement can therefore be used to identify the pathway by which the exciton was 

generated. No other form of spectroscopy can so clearly distinguish the two mechanisms. 
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4 Experimental Methods  

In this chapter the sample preparation procedures and experimental techniques used 

throughout the thesis are discussed. In addition, further magnetic resonance theory is 

provided that is specific to conventional EPR and electrically detected EPR spectroscopy. 

4.1 OPV Fabrication 

4.1.1 Substrate Cleaning 

A clean substrate is essential for efficient and reproducible OPV operation. The substrates 

were cleaned by ultrasonication in a hot 3% Hellmanex III (Sigma Aldrich) aqueous 

solution for 10 minutes, and the substrates rinsed several times with deionised water to 

ensure the complete removal of Hellmanex III residue. This was followed by 

ultrasonication in acetone for 5 minutes and isopropanol for 5 minutes. The substrates 

were then blown dry with nitrogen. Immediately prior to film deposition, the substrates 

were plasma ashed in an oxygen plasma at 80 W for 3 minutes (Plasma Technology 

MiniFlecto) which removes organic contaminants and improves the wettability of the 

substrate. 

4.1.2 Film Deposition 

Solutions of the desired semiconductor were prepared inside a nitrogen glovebox and left 

to stir at 50 °C until dissolved. The majority of films were prepared using spin coating, 

where the substrate is held in place with a vacuum and the solution deposited on top of it. 

The substrate is then accelerated to the desired rotation speed and spun until dry. By 

varying the rotation speed and concentration of the semiconductor solution, the thickness 

of the deposited film can be controlled. Typical parameters to achieve ~100 nm thick 

polymer:fullerene films were 25 mg cm-3 and 1500 rpm. 

4.1.3 Contact Deposition 

The top electrode was deposited using thermal evaporation through a shadow mask. The 

most common top contact used in this thesis was 20 nm of calcium (Ca) followed by 80 

nm of aluminium (Al). The Ca layer provides an ohmic contact to the LUMO of most 

organic semiconductors. To increase electrical stability and to protect the Ca layer, it is 

capped with a thick layer of Al. Ca was evaporated from a tungsten crucible at a rate of 
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0.1 nm s-1. The Al was evaporated from a tungsten coil packed with Al wire at a rate of 

0.1-0.3 nm s-1. The film thickness was monitored using quartz crystal monitors.  The 

chamber pressure was in the range of 1-4 x 10-6 mbar for all evaporations. Lithium 

fluoride (LiF) and gold were evaporated in a similar manner to the above when required, 

using a tungsten crucible and boat respectively. 

4.2 J-V Characterisation 

4.2.1 Cell Fabrication 

Substrates fabricated solely for J-V characterisation were 12 x 12 mm with a central 4 

mm strip of indium tin oxide (ITO) (Xinyan Technology Ltd). The substrates were 

cleaned and the desired layers and top contact deposited as described in Section 4.1. The 

top electrode consisted of three 2 mm wide strips, perpendicular to the ITO, and thus 

defining three independent pixels per substrate with an area of 8 mm2 (4 mm x 2 mm). 

4.2.2 Measuring Solar Cell Performance 

Solar cell performance is determined by measuring the current-voltage (J-V) 

characteristics while the cell is illuminated by artificial sunlight. The performance of the 

cell naturally depends on the intensity and wavelength of illumination source. To obtain 

results relevant to real world performance and to allow different institutions to 

meaningfully compare results, a standard illumination spectrum and intensity is used. The 

universally adopted reference spectrum is defined by the American Society for Testing 

and Materials (ASTM) and named ASTM G173-03.[1] ASTM G173-03 defines two 

standard terrestrial solar spectral irradiance distributions, AM1.5G for flat panel PV 

technology which is of interest here, and AM1.5D which is used for solar concentrators. 

The AM1.5G reference spectrum is shown in Figure 4.1 and is representative of the solar 

spectrum once it has travelled 1.5 times through the atmosphere, corresponding to an 

angle where the sun is 41.81° above the horizon. 

 

 



4-3 
 

 

Figure 4.1: AM1.5G Reference Spectrum. Data obtained from NREL.[2] 

A Class AAA solar simulator (Sciencetech, SS150-AAA) with an AM1.5G filter was 

used to generate a close approximation to the terrestrial solar spectrum for cell testing. 

Before each measurement the irradiance at the cell position was set to 100 mw cm-2 (1 

sun) using a calibrated silicon reference cell (Newport). A shadow mask with holes 

matching the dimensions and location of the three pixels was placed over the cell to avoid 

light absorbed outside of the defined pixel area contributing to the photocurrent. The J-V 

characteristics were measured using a Keithley 2400 SourceMeter controlled by a 

LabVIEW interface. The voltage across the cell was swept from -1 V to + 1 V and the 

current measured. The current was divided by the pixel area to give the current density, 

J. Figure 4.2 shows a typical J-V characteristic of an OPV solar cell, in this case 

PTB7:PC71BM, obtained using this setup. The PMPP was determined by the minimum 

(PMPP is negative due to the negative sign convention of the current in the 4th quadrant) 

value of the product of J and V. The PCE of the cells was then calculated from the PMPP 

divided by the power incident on the cell, given by the product of the irradiance and pixel 

area. The JSC is given by the current density when the voltage is zero, while the VOC is 

determined from a linear fit between the points above and below J = 0. The fill factor is 

calculated by PMPP over the product of VOC and JSC. 
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Figure 4.2: J-V characteristic of a PTB7:PC71BM solar cell under 1 Sun illumination. 

4.2.3 Intensity Dependent J-V 

Additional information on the performance of the cell can be gained by measuring the     

J-V characteristics as a function of light intensity. This was achieved using a white light 

LED (Cree) and custom driver connected to a voltage pulse generator that was controlled 

by a LabVIEW interface. I am grateful to Dr. Bernd Ebenhoch for building this setup and 

writing the control software. The software sets the pulse generator voltage to generate a 

specific light intensity and the voltage applied to the cell is swept from -1 V to + 1 V and 

the current measured. The voltage on the pulse generator is then changed to alter the light 

intensity and the applied voltage sweep repeated, which builds up a sequence of J-V 

curves over a two order of magnitude range of light intensity.  

One important point is that the spectrum of the LED obviously differs substantially from 

the AM1.5G solar spectrum. Thus, when the LED intensity is set to “1 Sun” (100 mW 

cm-2) the effective intensity seen by the solar cell may be substantially different than the 

intensity experienced if the AM1.5G simulator had been used. To compensate for this, 

the JSC of the cell when measured under LED - 1 Sun was compared to the JSC obtained 

when the cell was measured under AM1.5G Simulator - 1 Sun. The ratio of these two 

values was used to scale the LED intensities to the correct value. 
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The main use of this technique is to investigate the type of recombination occurring in 

the cell; bimolecular or monomolecular. The influence of light intensity on the short 

circuit current can be described using,  

 G5F = aÀÁ (4.1) 

where À is the light intensity, a is a scaling prefactor and c describes the linearity of the 

response. If c = 1 the G5F  scales linearly with light intensity which is the expected 

behaviour in the absence of recombination loss, as more photons equals more electrons 

and holes. The G5F  will only break from linearity if there is a loss mechanism that scales 

greater than first order with the number of charge carriers. The primary mechanism that 

exhibits this behaviour is bimolecular recombination which as previously shown in Eq. 

2.3, is second order in charge carrier concentration. The exponent c therefore provides a 

measure of the degree of bimolecular recombination occurring inside the cell. A c of 

unity means no bimolecular recombination is occurring while lower values signify 

increasing bimolecular recombination losses.[3-6] The exponent can be easily obtained by 

measuring the J-V of the solar cell over a range of light intensities and plotting the JSC 

versus light intensity on a log-log scale as shown in Figure 4.3a. By plotting on a double 

log scale c switches from the exponent to the gradient of the slope. It can then be easily 

obtained by applying a linear regression to the data. 

  

Figure 4.3 Variable light intensity characterisation of a PTB7:PC71BM solar cell. (a) JSC against light intensity 

on a double log scale. (b) VOC against light intensity on a natural log scale. 

To estimate the monomolecular recombination losses inside the cell a similar approach 

can be adopted. The solar cell is an intrinsic semiconductor, with a Fermi level in the 
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centre of the bandgap. When the cell is illuminated, electrons are promoted to LUMO and 

holes generated in the HOMO. This results in the creation of two new quasi Fermi levels 

with energies of !�/ and !�. for holes and electrons respectively. The population of 

electrons and holes under illumination is given by,[7, 8] 

 -. = ¿�� �− !+ÂIE − !�."T# � (4.2a) 

 

 -/ = ¿�� �− !�/ − !7EIE"T# � (4.2b) 

where  ¿ is the density of states. Taking the product of these two populations yields, 

 -.-/ = ¿��� �!7EIE − !+ÂIE + !�. − !�/"T# �
    = ¿��� �− !Ã;<"T# � �� �!�. − !�/"T# �  (4.3) 

where !Ã;< is the difference in energy between the HOMO and LUMO. Assuming that 

the contacts are ohmic, as discussed in section 2.2.6, the VOC will be given by the 

difference in energy of the electron and hole quasi Fermi energies and Eq. 4.3 can be 

rewritten as, 

 -.-/ = ¿��� �− !Ã;<"T# � �� ��DEF"T# � 

 

(4.4) 

where � is the elementary charge. At open circuit the charge recombination rate � and 

charge generation rate must Ä be in equilibrium, Ä = �. Assuming that all the 

recombination at open circuit is bimolecular it can be written, 

 Ä = � =  ,+-.-/ (4.5) 

where the term on the right hand side is the bimolecular recombination rate introduced in 

Eq. 2.3. Inserting Eq. 4.5 into Eq. 4.4 and rearranging, the open circuit voltage is given 

by Eq. 4.6.[3, 8] 

 DEF = !Ã;<� − "T#� ln �,+¿�Ä � (4.6) 
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The generation rate Ä depends on the on the intensity of the incident light while ,+ and ¿�are independent of light intensity. A plot of light intensity on a natural log scale against DEF will therefore have a gradient of  
�Æ@.  if the recombination at open circuit is purely 

bimolecular. A gradient exceeding 
�Æ@.  reveals that the recombination is greater than can 

be obtained solely by bimolecular processes. The gradient can therefore be used as a 

measure of the degree of monomolecular (trap-assisted) recombination occurring in the 

cell as shown in Figure 4.3b. The greater the deviation is away from 
�Æ@.  the greater the 

monomolecular recombination losses. 

4.3 Electron Paramagnetic Resonance Spectroscopy 

4.3.1 The EPR Spectrometer 

An EPR spectrometer consists of three key components; the microwave bridge, a magnet, 

and a microwave resonator. A simplified diagram of an EPR spectrometer is shown in 

Figure 4.4. The microwave bridge is responsible for the detection and generation of the 

microwaves. The microwaves from the bridge are coupled into a microwave resonator in 

order to improve sensitivity of the spectrometer. Inside the resonator a standing wave is 

generated which enhances the strength of the microwave magnetic field at the sample. To 

induce a Zeeman splitting of the spin energy levels an electromagnetic or superconducting 

magnet is used to generate a strong static magnetic field. By adjusting the current through 

the magnet coils the strength of magnetic field and the Zeeman splitting can be varied. 

 

Figure 4.4 Simplified schematic of a cwEPR spectrometer. 
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EPR spectrometers can be grouped by two criteria; their operating frequency and whether 

they use continuous wave or pulsed microwaves. The most common EPR frequency is 

9.8 GHz (also called X-Band). Spectrometers operating at higher frequencies are 

becoming increasingly common as they offer improved sensitivity and allow transitions 

which may be overlapping at lower frequencies to be resolved. In terms of operating 

mode, continuous wave spectrometers have greater sensitivity than pulsed and may be 

used at room temperature which makes them well suited for the rapid screening samples 

or looking for small signals. Pulse spectrometers are technically more complicated, 

require a better theoretical understanding and must be used at low temperature to increase 

relaxation times. However they can provide a wealth of additional information using 

advanced pulse sequences such as coupling to nuclei and other electron spins. The EPR 

spectra presented in this thesis were recorded across a varied range of EPR spectrometers 

that were spread across three different institutions; the University of Dundee, University 

of St Andrews and Argonne National Laboratory. The operating frequencies, mode, 

resonators and locations of the spectrometers used are summarised in Table 4.1. 

 

Table 4.1 Spectrometers and resonators used for EPR spectroscopy. 

Spectrometer Frequency Resonator Mode Location 

Bruker EMX 9.8 GHz 

(X-Band) 

Cavity  

(ER 4123SHQE) 

CW Dundee 

Bruker Elexsys 

E580 

9.8 GHz 

(X-Band) 

Dielectric ring  

(EN 4118X-MD4) 

CW / Pulsed St Andrews 

& Argonne 

Bruker Elexsys 

E580 

34 GHz 

(Q-Band) 

Dielectric ring  

(ER5106QT-2W) 

CW / Pulsed St Andrews 

HIPER[9] 94 GHz 

(W-Band) 

N/A 

 

Pulsed St Andrews 

The Can[10, 11] 130 GHz 

(D-Band) 

TE011   Pulsed Argonne 
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4.3.2 Continuous Wave EPR  

As discussed in Section 3.1 an applied magnetic field, ,�, will break the degeneracy of 

the |αb and |βb spin states with an energy splitting proportional to the magnetic field strength. A magnetic dipole transition between |αb and |βb states can be induced by 

applying a perpendicular electromagnetic field, ,B, oscillating at frequency such that the 

photon energy matches the Zeeman splitting energy as defined in Eq. 4.7. 
 ℎ� = S1T,�  (4.7) 

In a continuous wave EPR spectrometer the sample is continuously irradiated by 

microwaves at a fixed frequency � and experiences a magnetic field  ,B oscillating at that 

frequency inside the resonator. The coupling between the incoming microwaves and the 

resonator is adjusted so that no microwaves are reflected from the resonator (critical 

coupling). The magnetic field ,� is then swept and when Eq. 4.7 is satisfied microwaves 

are absorbed by the sample which changes the impedance of the resonator and 

microwaves are reflected from the resonator. These reflected microwaves are then 

recorded as a function of magnetic field to form the EPR spectrum.   

In order to improve the signal to noise ratio a lock in amplifier (phase sensitive detection) 

is almost always used. Phase sensitive detection can be achieved by either modulating the 

incoming microwaves or the static magnetic field ,�. The latter approach is employed by 

the majority of CW spectrometers including the ones used is this thesis. Field modulation 

of the EPR signal is achieved using Helmholtz coils placed in the walls of the resonator 

which generate a sinusoidally oscillating magnetic field (typically 100 kHz) with 

amplitude ,�o¡ that is parallel to the main field B0. The influence of the field modulation 

on the detected EPR signal is shown in Figure 4.5. When 100 kHz field modulation with 

amplitude ,�o¡ is used the microwaves reflected from the resonator at static field 

position B0 are modulated at 100 kHz with a maximum amplitude proportional the 

gradient of the EPR lineshape over the field range ,� − TÓÔÕ�  to ,� + TÓÔÕ� . The reflected 

microwaves are converted to current by the microwave detector which is passed into the 

lock in amplifier. The lock in amplifier filters out signals which are not modulated 
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Figure 4.5 Effect of field modulation on the EPR signal. Adapted from Weil & Bolton.[12] 

at 100 kHz, thereby improving the signal to noise ratio. The output from the lock in 

amplifier at each field position is proportional to the gradient of true EPR response so the 

detected signal is the first derivative of the EPR response. For this reason CW EPR spectra 

are commonly shown as a first derivative. Larger values of ,�o¡ will improve the signal 

to noise ratio. However as ,�o¡ increases it will begin to smooth out the sharper features 

of the spectrum and cause broadening of the linewidth.  There is therefore a trade-off 

between accurate spectral reproduction and signal to noise ratio. 

4.3.3 Pulsed EPR  

In a pulsed spectrometer the microwaves pass through a pulse forming unit which creates 

microwave pulses lasting several to hundreds of nanoseconds. These pulses are then 

amplified using a travelling wave tube (TWT) amplifier before being directed into the 

resonator. 

To describe the action of the microwave pulses on the sample it is more intuitive to move 

away from the quantum mechanical picture of individual spins towards a more visual 

semi classical description using magnetic moments and bulk magnetisation of the sample. 
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When a magnetic field ,� is applied the magnetic moment of each spin experiences a 

torque and will therefore precess around ,� at the Larmor frequency which is given by, 

 ¬+ = S1T,�ħ =  �,� (4.8) 

where � is the gyromagnetic ratio. Electrons where the spin magnet moment lies parallel 

to the applied field are lower in energy than those that lie antiparallel. There will therefore be an excess of electrons in the parallel state as given by a Boltzmann distribution. Averaging over N spins in the sample a net magnetic moment per unit volume can be defined, 
 Ý =  1D } NÞ

�
�ßB  (4.9) 

where Ý is the magnetisation of the sample. Assuming that the magnetic field ,�  is 

applied along the z-direction, as is convention, there will therefore be a net magnetisation 

along the z-axis. Each individual magnetic moment will still precess around the z-axis at ¬+ but as there is no preferential orientation in the x-y plane there is no x-y component 

of  Ý  and it points directly along the z-axis. 

A microwave pulse consists of a short burst of linearly polarised microwaves where the 

magnetic field vector of the microwave pulse inside the resonator  U� is perpendicular to 

the static field Uà. Any linearly polarised electromagnetic wave can be mathematically 

decomposed into two counter rotating circularly polarised components (see Figure 4.6a), 

which is easier to visualise. Assuming U� is polarised along the x-axis the two circularly 

polarised components of U� will rotate at ± ¬� around the z-axis where ¬� is the angular 

microwave frequency as shown in Figure 4.6a alongside the magnetisation vector. The 

action of the microwave pulse on the magnetisation is simplified by moving to a reference 

frame which rotates at ¬� which is shown in Figure 4.6b. In this rotating frame there is a 

static component of U� along the x-axis and a component moving at −2 ¬�which can be 

ignored. Assuming that the microwaves are resonant with the processing spins, ¬� =  ¬+, 

the rotating frame also removes the precession of the magnetic moments around the z-

axis. If there is no precession then the static field Uà disappears in the rotating frame and 

only the influence of U�on Ý needs to be considered. 
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Figure 4.6 The microwave magnetic field in (a) laboratory reference frame and (b) rotating reference frame. 

Adapted from Weber.[13] 

The magnetisation will experience a torque due to U� and will therefore rotate around U� 

at, 

 ¬B = �,B (4.10) 

where ¬B is known as the Rabi frequency. The extent of the rotation of Ý is determined 

by the length and strength of the microwave pulse magnetic field. This is characterised 

by the tip angle of the microwave pulse, 

 a = �,B8< (4.11) 

where 8< is the length of the microwave pulse. Pulses are named after their tip angle. One 

of the most common pulses is a 	/2 which rotates the magnetisation from pointing along 

+z direction to the along –y direction. Similarly a 	 pulse rotates the magnetisation from 

+z to –z and so on.  

It can be seen from Eq. 4.11 that there are many different combinations of ,B and 8< that 

can generate pulses with the same tip angle. While a short high ,B pulse or long low ,B 

pulse can cause the same rotation of Ý they differ in their excitation bandwidth. The 

excitation bandwidth of a rectangular pulse is approximately given as 1 over the pulse 

length.  

 Excitation Bandwidth ≈  18< (4.12) 

The excitation bandwidth determines how large an area of the EPR spectrum is 

simultaneously excited at each field position. This is particularly important when 
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investigating systems with two overlapping EPR resonances such as positive and negative 

polarons in the donor and acceptor phases of bulk heterojunction solar cells. If excitation 

of single species is desired such as in an ENDOR or T1 experiment smaller excitation 

bandwidths are desirable. Small excitation bandwidths are achieved using long low power 

pulses which are called selective or soft pulses while short high powers have a large 

excitation bandwidth are called non-selective or hard pulses. 

Free Induction Decay (FID) 

The simplest pulse sequence that can be implemented is applying a single π/2 pulse to the 

system which flips the magnetisation into the x-y plane. In the rotating frame this is not 

particularly interesting but in the laboratory frame the magnetisation is now rotating 

around the z-axis in the x-y plane. This rotating magnetisation generates microwave 

signal called the free induction decay (FID) which can be detected.  

 

Figure 4.7: FID after microwave pulse. 

Relaxation 

The magnetisation does not rotate around the z-axis forever and decays through two 

mechanisms. When a π/2 pulse is applied the sample is no longer in thermal equilibrium 

and over time this energy will be dissipated from the spins to the lattice and the 

magnetisation will decay exponentially back towards the +z direction as shown in Figure 

4.8 This decay is known as spin-lattice relaxation or longitudinal relaxation and has a 

characteristic time constant T1. 

The second type of relaxation is transverse, where the magnetisation vector fans out in 

the x-y plane as shown in Figure 4.8. This fanning out will cause the transverse 

magnetisation to decay to zero. The fanning out of the magnetisation is caused by several 

different mechanisms such as spin-spin interactions resulting in spin flip flops This is 

known as spin-spin relaxation and has characteristic time constant T2.  
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Figure 4.8 Longitudinal (a) and transverse relaxation (b) of the magnetisation after a π/2 pulse. 

T2 is generally much shorter than T1 and it is therefore this loss of transverse 

magnetisation that is responsible for the decay of the FID. The rapid decay of the 

transverse magnetisation poses an issue for detecting the microwaves emitted by the 

system after a pulse due to spectrometer deadtime. After the microwave pulse the 

resonator will dissipate microwave power (also called ringing) over a period of time that 

depends on the Q-factor of the resonator. The sensitive microwave detector must be 

protected from this high microwave power ringing. There is therefore a period of time, 

called the deadtime, after the microwave pulse where no microwave emission from the 

sample can be detected. This is a problem as the FID generally decays away before the 

deadtime has ended. The solution to this problem is too use spin echoes.  

Hahn Echo 

By applying a π/2 followed by a π pulse the decaying transverse magnetisation can be 

refocussed and recovered at a later time. The π/2 pulse rotates the magnetisation vector 

into the x-y plane. The magnetisation is then left to fan out for a period τ and a π pulse 

applied which flips the magnetisation components by 180° so that they are now a mirror 

image of prior to the pulse. As the magnetisation components are still travelling in the 

same direction as prior to the pulse, they will refocus and converge at time τ after the π 
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pulse creating an echo of the earlier transverse magnetisation which can be detected. The 

value of τ is chosen such that the echo appears after the deadtime. This sequence is called 

a Hahn Echo and is the foundation of many advanced pulse experiments.  

 

Figure 4.9: Hahn Echo Pulse Sequence 

Stimulated Echo 

The Hahn sequence is not the only method to generate an echo. A series of three π/2 

pulses gives rise to the so called stimulated echo. This pulse sequence is necessary for 

some types of ENDOR experiment as will discussed shortly. Note that the situation is 

more complicated than presented here as there will be additional (unwanted) echoes. This 

applies to all pulse sequences with more than two pulses. 

 

Figure 4.10: Stimulated Echo Pulse Sequence 

Inversion Recovery 

The T1 relaxation time of a material can be measured using the inversion recovery pulse 

sequence. The magnetisation is first flipped to the –z direction by a π pulse and will start 

to relax back towards +z due to spin-lattice relaxation. The progress of this relaxation can 

be monitored using a Hahn echo at time T after the inversion pulse. By repeating this 
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measurement over a range of T the recovery of the magnetisation (height of the echo) 

versus time can be obtained and T1 calculated.  

 

Figure 4.11: Inversion Recovery Pulse Sequence. The upper panel shows the resulting echo at short interval T 

and the lower panel at long T. 

 

ENDOR  

Electron nuclear double resonance spectroscopy (ENDOR) is used to probe the 

interaction of the electron spins with magnetic nuclei in the sample which are coupled 

through the hyperfine interaction. This is achieved by applying microwaves and radio 

waves in a single double resonance experiment which interact with the electrons and 

nuclei respectively. There are two commonly used ENDOR pulse sequences Davies,[14] 

and Mims,[15] which are described in turn. 

Davies Pulse Sequence 

The Davies ENDOR sequence is shown in Figure 4.12 and consists of a microwave and 

radio wave part. The microwave part is essentially equivalent to the inversion recovery 

sequence except that T is now kept constant. To explain the ENDOR sequence, consider  
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Figure 4.12 Davies ENDOR pulse sequence. 

the simplest hyperfine coupled system consisting of a spin ½ electron spin coupled to a 

spin ½ nuclear spin. The four energy levels of this system are shown in Figure 4.13. There 

are two possible EPR transitions (vertical) and two NMR transitions (diagonal). At 

thermal equilibrium the two lower states will be preferentially populated as shown by the 

black bars. Upon application of a selective (see Eq. 4.13) π MW pulse that is resonant 

with the leftmost transition the population is shifted from the |cab to the |aab state 

(Figure 4.13b). This inverts the magnetisation and an inverted echo would be detected 

using the Hahn read out sequence. By appliying a π RF pulse that is resonant with one of 

the nuclear transitions population is shifted from the |aab to the |acb state (Figure 4.13c). 

As the intensity of the inverted echo is proportional to the popuation difference between 

the |cab and |aab states, the application of a resonant RF pulse supresses the inverted 

echo. In a Davies ENDOR experiment the MW pulse is kept constant, the frequency of 

the RF swept, and the intensity of the inverted echo recorded as a function of RF 

frequency. As the RF resonant frequency depends on the interaction between the electron 

and nuclear spins the strength of the hyperfine coupling interaction is revealed. 
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Figure 4.13 Energy levels of a S=1/2, I=1/2 spin system. The black bars indicate the excess population (a) in 

thermal equilibrium, (b) after a selective MW π pulse, and (c) after RF π pulse. The first letter in the ket is the 

electron spin state and the second is the nuclear spin state. Adapted from Gemperle and Schweiger. [16] 

Mims Pulse Sequence 

The Mims pulse sequence is based on the stimulated echo pulse sequence as shown in 

Figure 4.14. The first π/2 pulse rotates the magnetisation into the x-y plane which is left 

to fan out over time τ. Application of the second π/2 rotates the magnetisation components 

so that they are now in the x-z plane (assuming B1 is along x as in Figure 4.6).  The 

transverse magnetisation components will then decay swiftly, leaving only longitundinal 

magnetisation remaining. Applying a π/2 readout pulse will convert the longitudnal 

magnetisation to transverse and the components will refocus at time τ after the pulse, 

 

 

Figure 4.14 Mims ENDOR pulse sequence. 



4-19 
 

generating an echo. The application of a π RF pulse resonant with one of the NMR 

transitions changes the rotation speed of that magnetisation component which prevents it 

from refocusing at time τ after the π/2 and decreases the height of the echo. The ENDOR 

spectrum is therefore obtained in a similar manner to Davies, varying the RF freqeucny 

and monitoring the height of the stimulated echo. 

4.3.4 Light Induced EPR (LEPR)  

The photogeneration of charge is a key process in photovoltaic cells. This can be studied 

using LEPR where the OPV blend is illuminated prior or during the EPR measurement. 

The most common light source used for LEPR measurements in this thesis was 532 nm 

from a frequency doubled Nd:YAG pulsed at 10 (Surelite Continuum) or 20 Hz (INDI, 

Newport). The light from the laser was coupled into a fibre which terminated at the optical 

access port of the EPR resonator. At cryogenic temperatures the recombination of charge 

carriers is slow and the pulsed laser builds up a steady state population of charge carriers 

after illuminating for several minutes. The laser is then left running and CW or pulsed 

EPR spectra recorded. 

4.3.5 Time-Resolved EPR (TR-EPR)  

TR-EPR is a pump probe experiment where the EPR spectrum is recorded a short time 

after an optical pump pulse. The method of TR-EPR used throughout this thesis is direct 

detection. Direct detection is a type of cwEPR experiment where the field modulation is 

disabled and the transient evolution of the cwEPR spectrum recorded as a function of 

time after the laser flash. 

The TR-EPR measurements were achieved using the same Nd:YAG source as above. The 

cwEPR spectrum was recorded as a function of time after the laser flash using the 

transient recorder (SpecJet) of the E580 spectrometer. The triggering of the laser and the 

transient recorder was controlled using a delay generator (Stanford DG535). The time 

resolution of the setup is limited by the quality factor of the resonator,[17] and is of order 

100 ns. 
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4.3.6 Field Calibration 

Obtaining accurate g-factors is crucial as they serve as a fingerprint for the paramagnetic 

species under study. The g-factor depends on the magnetic field and the microwave 

frequency (Eq. 3.12). The microwave frequency can be easily measured to high degree 

of accuracy during each experiment using a microwave frequency counter. Accurate 

measurement of the magnetic field at the sample position is more difficult. Every EPR 

spectrometer contains a Hall probe to measure the magnetic field created by the 

electromagnet. However the Hall probe is located outside of the microwave resonator. As 

a result there is a non-negligible difference in magnetic field strength between the Hall 

probe and that experienced by the sample inside the resonator. To accurately determine 

the magnetic field at the sample position, a calibration sample was used.  

By measuring the EPR spectrum of a paramagnetic sample which possesses a narrow 

linewidth with an accurately known g-factor, the magnetic field at the sample position 

can be easily calculated using Eq. 3.12. The reference sample used to calibrate the 

magnetic field of the various EPR spectrometers used throughout this thesis was nitrogen 

doped C60, N@C60 for short.[18] N@C60 is a type of endohedral fullerene which consists 

of a standard C60 fullerene cage with a nitrogen atom located inside. N@C60 is a S = 3/2, 

I = 1 spin system due to the three unpaired electrons in nitrogen and the I = 1 nuclear spin 

of 14N which has 99.6 % abundance. Due to the high symmetry of N@C60 there are no 

appreciable zero field splitting interactions between the three electrons, and the transitions 

between the four S = 3/2 levels are therefore degenerate.[19] The spin system can therefore 

be modelled as S = 1/2, I = 1.  

The 9.8 GHz EPR spectrum of the N@C60 sample is shown in Figure 4.15 (black line). It 

consists of characteristic triplet of sharp lines which is the EPR signature of N@C60 and 

arises from the hyperfine coupling to I = 1. In addition there is a broad central feature 

which is due to a C60-O-O-C60 radical that builds up in the sample after prolonged 

exposure to light and ambient atmosphere.[20] This build up is benign as it does not change 

the g-factor of the N@C60,[20] and the field position of the N@C60 resonance can be 

accurately determined using the two outer lines of the triplet. The system was simulated 

using the literature g-factor of 2.0022(3) for N@C60,[20, 21] and a hyperfine coupling  
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Figure 4.15 EPR spectrum of N@C60 calibration sample recorded at 9.8 GHz at RT. The experimental spectrum 

is shown in black, the N@C60 triplet in green, the impurity in blue and the total simulation in red. 

constant of 15.8 MHz. The magnetic field axis of the experimental spectrum was shifted 

until the experimental and simulated spectra achieved optimum overlay. The magnitude 

of axis shift required gives the difference in field between the Hall probe and the sample 

position and this field correction factor can then be applied to all spectra measured on that 

spectrometer. 

4.4 Electrically Detected Magnetic Resonance Spectroscopy 

4.4.1 Introduction 

While a powerful technique, conventional EPR spectroscopy suffers from two key 

shortfalls when investigating processes in organic solar cells. The first is that 

conventional EPR has a sensitivity of around 1010 spins which is generally too low to 

reliably study thin films (~100 nm) of organic semiconductors.[12, 22, 23] For this reason 

most EPR studies on OPV systems use thick films ( > 1 μm) or frozen solutions in order 

to increase the signal to noise of the measurement. Given the importance of film 

morphology in OPV this approach raises questions of the relevance these results to 

operation of a thin film OPV cell.  Secondly conventional EPR is sensitive to every 

paramagnetic species in the sample regardless of whether those species are involved in 

the operation of the cell. This makes it difficult to determine whether the detected species 

are relevant to the performance of the cell or a minority species with no impact on cell 
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efficiency.  The solution to these problems is to replace the microwave detection with 

electrical detection which is known as Electrically Detected Magnetic Resonance 

(EDMR). In EDMR a working semiconductor device is placed inside the resonator and 

the change in the current (or voltage) at resonance detected. Current detection greatly 

improves the sensitivity of the measurement which enables thin film semiconductor 

devices to be measured.[22-25] In addition since only those species which directly influence 

the current can be detected, the observed species must be relevant to the operation of the 

device.  

The most forthcoming example of a spin dependent process is charge carrier 

recombination. If the electron and hole are both ‘spin up’, i.e in a triplet configuration, 

then the recombination is forbidden due to conservation of angular momentum (first panel 

of Figure 4.16) By applying microwaves resonant with the electron in the LUMO a spin 

flip can be induced, enabling the recombination to occur and causing a change in the 

current through the sample which can be detected. Other current influencing spin-

dependent mechanisms are also possible such as spin dependent hopping and 

scattering.[25] 

 

Figure 4.16 Spin dependent recombination process. 

The first EDMR measurement was performed by Maxwell and Honig,[26] and was 

attributed to the spin dependent scattering of charge carriers. The first recombination 

EDMR response was observed a few years later by Lepine.[27] A model was needed to 

quantify these new observations. Lepine suggested a simple thermal polarisation model 

analogous to conventional EPR where the spin dependent recombination change is 

proportional to the population difference between the two Zeeman levels. Subsequent 

experiments revealed that the observed current changes at resonance were larger than 
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could be explained by Lepine’s model. Many more models were developed throughout 

the 1970s but could not reconcile the theoretical predictions with the experimental 

observations, for example the lack of temperature dependence.[28] In 1978 Kaplan, 

Solomon and Mott presented a new model (the KSM model) which is the basis of the 

majority of EDMR models to date.[29]  

The KSM model is based on the formation of intermediate spin pairs prior to 

recombination. After forming an intermediate pair partners must either recombine or 

dissociate, and cannot interact with other species while in the pair. The EDMR response 

arises from the conversion of the intermediate pairs from a triplet to a singlet spin 

configuration at resonance which increases the recombination rate causing a detectable 

change in current. Since its inception the KSM model has between developed further by 

many authors. One of the most important of these developments was presented by 

Boehme and Lips,[25, 28] who generalised the KSM model and provided the first 

understanding of the dynamic evolution of the current response following a microwave 

pulse (pEDMR). This intermediate pair model is presented in an abridged format in the 

following section.  

4.4.2 Intermediate Pair Model  

Consider two spin ½ particles, an electron and hole, forming an intermediate pair prior to 

recombination. In general the electron and hole will have different g-factors and there 

will be exchange and dipolar coupling between them. The Hamiltonian and eigenstates 

describing this intermediate pair in a magnetic field is simply that of the SCRP introduced 

in Section 3.4.3. The occupation of the four states can be described using the density 

matrix formulism where the population of each state is given by its corresponding density 

matrix element ä��. The creation and annulation pathways of the four states are shown in 

Figure 4.17. Prior to resonance the system is in a steady state with a constant generation 

rate of charge carriers, i.e. constant current. The carriers can either be created through 

electrical injection or illumination to generate a photocurrent. In the steady state, 

intermediate pairs will be generated at a constant rate Ä and it is assumed that the 

generation rate for the four intermediate pair states is equal, with a rate of Ä/4. An equal 

generation rate for the four states is a valid assumption as long as the recombination is 

non-geminate. The intermediate pairs may dissociate back to free electrons and holes with  
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Figure 4.17 Eigenstates of the intermediate pair model with their respective generation, recombination, 

relaxation and dissociation rates. Adapted from Boehme & Lips.[25] 

a rate constant å which is assumed equal for the four states. In addition pairs in states 2 

and 3 can interconvert through spin-spin relaxation with rate constant 1/#�. The 

probability for a pair to recombine depends on the spin permutation symmetry of the pair. 

Pure singlet states will recombine with rate constant �= and pure triplet states with �@. The 

triplet recombination rate is assumed to be small but finite due to non-negligible spin-

orbit coupling. The pure triplet states |#�b  and |#Ab will therefore recombine with rate 

constant �@ while the recombination rate of the mixed states |2b and |3b is dependent on 

the singlet and triplet content of the pair as given by the following expression.[25] 

 �� = �=|�µ|^b|� + �@|�µ|#�b|� (4.14) 

The values of �� and �� will therefore depend on the mixing angle which is determined 

by g-factors of the electron and hole and the strength of dipolar and exchange coupling 

between them (see SCRP Eq. 3.38).  

At resonance the conductivity of sample will change from its steady state value. The time 

dependent conductivity change following excitation of the sample with a resonant 

microwave pulse is given by,[25] 

 ∆
(ç) = 
(ç) − 
= = ��∆-.(ç)1. + ∆-/(ç)1/  (4.15) 
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where 
= is the steady state conductivity and ∆-. and ∆-/ are the time dependent changes 

in electron and hole density. In Eq. 4.15 it is assumed that the resonant microwave pulse 

alters the electron and hole density in the sample, i.e the spin dependent mechanism is 

recombination. If the spin-dependent mechanism is instead due to a process such as 

scattering or hopping then Eq 4.15 would be changed such that the electron and hole 

densities remains constant and the mobility of the carriers is changed by the resonant 

microwaves. The changes of the electron and hole densities are given by summing over 

the change in density matrix element of the four eigenstates,[25] 

 ∆-.(ç) = 8+å }�ä��(ç) − ä�� = ½
�ßB

∆-/(ç) = −8+ } ���ä��(ç) − ä�� = ½
�ßB

 (4.16) 

where 8+  is the charge carrier lifetime. Combining Eq. 4.15 and Eq. 4.16 the change in 

conductivity following a resonant microwave pulse can be written as follows.[25] 

 ∆
(ç) = �8+å1. }�ä��(ç) − ä�� =  �1 − ��å 1/1.�½
�ßB  (4.17) 

Since �@ ≪  �5 the steady state populations of the four intermediate pair eigenstates are 

not equal. The two pure triplet states will be dominantly populated and states 2 and 3 

which have singlet character, äBB,½½= ≫  ä��,��=. The effect of resonant microwaves is 

therefore to shift the population from äBB,½½ to ä��,��.  

4.4.3 cwEDMR 

In a continuous wave (cwEDMR) experiment the microwaves are continuously applied 

and the populations of four eigenstates will reach a new equilibrium when spins in the 

pair are on-resonance with the microwaves. This on-resonance equilibrium will have 

excess population in states 2 and 3 compared to the off-resonance equilibrium. The 

difference between the two will depend on the microwave power used (strength of B1 

field). This change in population at resonance will alter the recombination rate and current 

at resonance which can be detected. In practise the cwEDMR spectra were obtained in a 
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similar manner to cwEPR spectra. The resonator was critically coupled and the change in 

current recorded as a function of the magnetic field. The microwave power and field 

modulation amplitude were chosen so that power and modulation broadening effects were 

avoided (unless otherwise stated). 

4.4.4 pEDMR 

pEDMR Transient 

In a pulsed (pEDMR) experiment a short high power microwave pulse is used to 

coherently manipulate the spins in the intermediate pairs. The spins in the intermediate 

pairs will precess under the B1 field of the microwave pulse which alters the spin 

permutation symmetry of the pair over time. Looking at Eq. 4.17; after the pulse has 

ended (t = 0) the four density matrix elements will no longer be equal to their steady state 

values (ä��(0) ≠ ä�� =). As a result the recombination rate and sample current will also be 

perturbed from their steady state values (
(0) ≠ 
=). Due to the different recombination 

rates of spin pairs in the four eigenstates, the populations of the four density matrix 

elements will slowly relax back to their steady state values over a microsecond timescale. 

During this population relaxation the current will also relax back towards the steady state 

in accordance with Eq. 4.17. This current relaxation after the microwave pulse can be 

detected and is known as pEDMR transient. An example of a pEDMR transient is shown 

in Figure 4.18. The current relaxation after the microwave pulse is recorded at each field 

position. These transient slices are then combined to build up the two dimensional 

pEDMR transient shown by the colour plot, where blue is the steady state current. The 

EDMR lineshape can be visualised in two ways. By observing a cross section of the 

pEDMR transient at constant time, the evolution of the EDMR lineshape following the 

microwave pulse can be obtained. Alternatively the integral of the pEDMR transient can 

be calculated to give the overall time integrated EDMR lineshape which is shown in the 

top of Figure 4.18. 
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Figure 4.18 Example of a pEDMR transient and integrated spectrum. 

 

pEDMR Rabi Oscillation 

Important information on the nature of the spin can be revealed by observing the coherent 

motion of the spins during the microwave pulse. This spin motion occurs on timescale of 

nanoseconds which is too fast to monitor directly. However it has been shown that the 

integrated charge, ±, of the pEDMR transient is proportional to the population of the spin 

states the moment that microwave pulse ends, ä(0).[25] This effectively makes ± a 

measure of the spin permutation symmetry of the spin pairs at the end of the microwave 

pulse. The coherent motion of the spins during the pulse can therefore be elucidated by 

monitoring the variation of ± as a function of microwave pulse length which is known as 

a spin-Rabi oscillation experiment. 

The concept of a spin-Rabi measurement is shown in Figure 4.19. The microwave pulse 

length is incremented over a 2 to 1000 ns range. The current transient after each 

microwave pulse is integrated over a chosen time domain. The choice of time domain is 

not crucial as long as there is only a single spin-dependent process, and the portion with 
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the best signal to noise is therefore used. A plot of ± against the pulse length reveals the 

spin-Rabi oscillation of the spins in the pair. 

 

Figure 4.19 Rabi oscillation experiment. (a) The microwave pulse length is incremented. (b) A section of the 

pEDMR current transient is integrated. (c) The oscillation of the integrated charge reveals the coherent motion 

of the spin pairs during the microwave pulse; a spin-Rabi oscillation. Adapted from Schnegg et al.[30] 

 

4.4.5 EDMR Substrate Fabrication 

Substrates for EDMR measurements require a non-conventional geometry which had to 

be fabricated. The substrates have to be suitably narrow to fit inside the X-band and          

Q-band EPR tubes which have internal diameters of 3.2 and 2.4 mm respectively. 

Secondly they have to be sufficiently long, such that the connections and wires to the 

external circuit can be made outside of the microwave resonator to avoid perturbation of 

the microwave modes and loss of Q factor. 

X-Band EDMR substrates were fabricated by first patterning the ITO electrode through 

photolithography and wet etching. A 50 x 50 mm square of ITO coated soda-lime glass 

(Xinyan Technology Ltd) was rinsed with IPA and dried with nitrogen. The substrate was 

preheated at 120 °C to remove any residual water and Microposit S1813 G2 photoresist 

(Rohm & Hass) was spin-coated at 4000 rpm for 30 s. The substrate was soft baked at 

120°C for 30 s. The photoresist was then exposed to UV light for 4 s through a photomask 

using a mask aligner. The exposed substrate was immersed in diluted Microposit 

Developer 351 (Rohm & Haas); four parts DI water and one part developer. It was then 

dried with nitrogen and baked at 120°C for 10 minutes. The exposed resist was removed 

by rinsing the substrate in acetone, leaving the desired electrode pattern. To etch the ITO 

surface, the substrate was immersed in hydrochloric acid (37 %) for around 15 minutes 

and successful ITO removal checked using a multimeter. The large substrate was then 

diced into multiple 50 mm x 2.8 mm substrates using a computer controlled dicing saw 
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(MicroAce 66, Loadpoint Ltd). During cutting the substrate was held in place using low 

adhesive dicing tape and a vacuum chuck. 

Q-Band substrates were prepared in a similar manner to that described above with the 

exception that the ITO coated soda-lime glass was replaced by ITO coated fused quartz 

(UQG Optics Ltd). This change was necessary as we found that the use of soda-lime glass 

substrates severely diminished the Q factor of the resonator at Q-Band and prohibited 

critical coupling. The Q-Band substrates were also diced narrower, 50 mm x 2.1 mm, to 

accommodate the smaller bore size of the Q-Band resonator. 

4.4.6 EDMR Cell Fabrication 

The EDMR substrates were cleaned using the methods described in Section 4.1.1 and the 

geometry is shown in Figure 4.20a. The substrate was attached to a 10 mm x 10 mm 

square of glass using double sided tape for ease of spin coating and the desired layers spin 

coated to yield Figure 4.20b. The substrates were then transferred to a thermal evaporator 

and the metal top contact deposited as shown in Figure 4.20c. The overlap of the ITO and 

metal contact defines the active area of the cell, which was 1.5 mm x 5 mm. The quality 

of spin coated films on such narrow substrates tends to be poor, due to the close proximity 

of the substrate edges. By defining a small active area in the centre of the substrate the 

most uniform section of the film was used. It can be seen from Figure 4.20c that metal 

was also deposited on top of the ITO electrode. The purpose of this was to lower the series 

resistance of the cell as the long and narrow ITO electrode would have a resistance 

 

Figure 4.20: Fabrication of EDMR OPV Cells. The ITO electrode is shown in purple, the active layer in blue 

and the metallic top contact in grey. Dimensions are for X-Band. Q-Band substrates were of a similar design but 

had a smaller width. 



4-30 
 

of ~ 800 Ω which would limit the fill factor of the cell.  The metal contact thickness was 

kept at 100 nm or below, which is lower than the microwave skin depth at the microwave 

frequencies used and therefore limits the perturbation of the microwave modes.  

Organic semiconductors are susceptible to degradation through reactions with oxygen 

and moisture and the cells must therefore be encapsulated. The EDMR cells were 

encapsulated inside the glovebox by attaching a 10 mm x 2.5 mm piece of microscope 

coverslip over the active area using a UV curing epoxy (Norland 68). To connect the cells 

to the external circuit, they were removed from the glovebox and first attached to a small 

piece of double sided copper coated board as shown in Figure 4.21. A file was used to 

remove the copper and create a recess at one end of the board and the substrate was 

bonded into this recess using cyanoacrylate glue. The anode and cathode were connected 

to opposite faces of the circuit board using silver paint (RS Components Ltd.). The circuit 

board was then soldered to a miniature shielded two core cable (Industrifil). 

 

Figure 4.21: Connection of EDMR cells to the external circuit. 

 

4.4.7 EDMR Cell Testing 

After fabrication the J-V characteristics of every fabricated cell was measured in the dark 

and under the solar simulator using the method outlined in Section 4.2.2. The only notable 

difference is that due to unique geometry of the EDMR substrate a shadow mask was not 

used during the measurements; however this is not critical as the J-V characteristics were 

used for routine screening as opposed to accurate determination of cell efficiencies. 
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4.4.8 EDMR Setup 

EDMR measurements were carried out on three spectrometers which are detailed in Table 

4.2. 

Table 4.2 Spectrometers and resonators used for EDMR spectroscopy.  

Spectrometer Frequency Resonator Mode 

Bruker EMX 9.8 GHz Cavity resonator 

(ER 4123SHQE) 

CW 

Bruker Elexsys E580 9.8 GHz Dielectric ring resonator  

(EN 4118X-MD4) 

CW & Pulsed 

Bruker Elexsys E580 34 GHz Dielectric ring resonator  

(ER5106QT-2W) 

CW & Pulsed 

HIPER[9] 94 GHz N/A Pulsed 

To record the change in current at resonance the current detection hardware needs to be 

interfaced into the spectrometer. To achieve this the miniature shield two core cable 

attached to the EDMR cell was soldered into a junction box which connected each core 

wire to the inner core of a BNC cable and the braided shield was connected to the outer 

(ground) of the BNC cables. The two BNC cables were then attached to the dual inputs 

of a custom current to voltage converter (Elektronik-Manufaktur Mahlsdorf). This current 

to voltage converter was designed by the Lips group for EDMR spectroscopy,[31, 32] and 

has a balanced input design that removes common mode noise and therefore supresses 

electrical noise picked up from the external environment. The first stage of the converter 

is a transimpedance amplifier which converts the change in current to a change in voltage. 

This is followed by a low pass filter which separates the DC component, an adjustable 

band pass filter which provides noise suppression and ends with by a final gain stage to 

adjust the signal to the desired level for the spectrometer input. For CW measurements 

lock in detection was used and the output of the amplifier was therefore fed into the 

external input of the lock in amplifier of the EMX or E580. For pulsed measurements the 

output was connected to the transient recorder (digital oscilloscope) of the E580 or the 

ADC card of HIPER. 
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For mounting inside the spectrometer the EDMR cells were secured inside a borosilicate 

glass NMR tube for 9.8 GHz measurements and a quartz EPR tube for 34 GHz 

measurements. The use of glass NMR tubes was simply a matter of economics as they 

are a factor of ten cheaper than quartz tubes and do not influence the performance at 9.8 

GHz. At 34 GHz the glass tubes are too lossy and prevented critical coupling of the 

resonator, and quartz tubes were therefore used instead. The samples were then positioned 

inside the resonator so that the centre of cell was located at the resonator centre. For 94 

GHz measurements the cell was placed in a custom sample holder. 

For ‘light-on’ measurements at 9.8 GHz the photocurrent was generated using a white 

light LED mounted on a heatsink and positioned just outside the resonator. For 34 GHz 

measurements the white light LED was used initially but due to the very small optical 

access of the ER5106QT-2W resonator, little light entered the resonator and the 

photocurrent was therefore small and signal to noise during measurements was poor. The 

illumination source was therefore changed to a diode laser mounted on an optical bread 

board with two steering mirrors and a focusing lens. The beam was then steered until the 

photocurrent reached a maximum. Different wavelengths of light were tested and laser 

versus white light illumination cross checked at 9.8 GHz but no difference in EDMR 

response was found and the different illumination sources are therefore justified. For 94 

GHz the white light LED was mounted inside the custom holder. For dark measurements 

the carriers were injected into the cell using the inbuilt voltage source of the custom 

current-voltage converter which had a range of -5 V to +5 V. 

The EDMR measurement setup is shown in Figure 4.22. In a typical cwEDMR 

measurement the cell would first be loaded into the resonator and rotated to minimise the 

induction current from the field modulation coils. At certain angles the cell acts as an 

antenna and picks up a large oscillation current at the modulation frequency. This current 

is benign except that it is orders of magnitude larger than the spin dependent current 

change we are trying to detect and can cause the amplifier to clip or overload the input to 

the spectrometer. The cell was therefore rotated inside the resonator, while monitoring an 

oscilloscope connected to the AC output of the amplifier, until the pickup is minimised. 

The illumination intensity or drive voltage is then adjusted to give the desired DC current  
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Figure 4.22 EDMR measurement setup. 

which was monitored using a Keithley 2400 SourceMeter connected to the DC output 

(split off using the high pass filter) of the transimpedance amplifier. Using the conversion 

factor of the amplifier the DC current through the cell can therefore be monitored. To 

account for differences in impedance in the two inputs to the amplifier, the amplifier can 

be ‘balanced’ using a dial to control the relative weight of each input. This dial was 

adjusted while monitoring the AC output of the amplifier on the oscilloscope until the 

noise was at a minimum. An appropriate amplifier gain was then chosen so that that the 

signal was not overloading the input to the lock-amplifier. A similar procedure was used 

for pEDMR measurements except that the noise was minimised while monitoring the 

pEDMR trace on the transient recorder of the E580 and the gain chosen to avoid clipping 

in the transient recorder. 
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4.5 Time of Flight 

4.5.1 Principle of ToF 

Time of Flight (ToF) is a method to measure the mobility of electrons and holes travelling 

in a semiconductor. In ToF the semiconductor of interest is sandwiched between two 

electrodes and the time taken for photogenerated carriers to cross the semiconductor layer 

is measured. A typical ToF setup is shown in Figure 4.23, where the configuration shown 

is for the measurement of electron mobility.  A short laser pulse is used to generate a sheet 

of electrons and holes near the ITO electrode. The applied bias creates an electric field 

within the semiconductor which causes the electrons and holes to drift in opposite 

directions. The ITO electrode is biased negatively and the Ca/Al positively and the holes 

are therefore quickly collected by the ITO electrode while the electrons drift across the 

semiconductor layer and are collected at the Ca/Al electrode. The time taken for the 

electrons to cross the sample, known as the transit time, ç:4, is determined by monitoring 

the transient photocurrent on an oscilloscope. For hole mobility measurements the 

situation is identical except that the charges are photogenerated by the laser through the 

Ca/Al electrode.  

 

Figure 4.23 Schematic of the ToF method. In the orientation shown the electron mobility is measured. Adapted 

from Köhler & Bässler.[33] 

While in principle a very simple technique, several conditions have to be satisfied for a 

successful ToF measurement:[33, 34]  

1. The RC time constant of the detection circuit must be significantly smaller than the 

transit time, �L ≪ ç:4, otherwise the measured transit time is artificially increased. 
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2. The photogenerated charge carrier sheet must be spatially confined. The sample 

thickness å therefore must be much greater than the absorption depth of the laser 

pulse into the film. This can be quantified as å ≫ ln (10)/a, where a is the absorption 

coefficient of the semiconductor. 90 % of the laser light will be absorbed within ln (10)/a, which is typically around several hundred nanometres in most organic 

semiconductors. The film thickness therefore needs to be a micron at minimum and 

the laser wavelength should coincide with the maximum of a. Failure to satisfy this 

condition will result in carrier generation throughout the film resulting in a broad 

distribution of arrival times and over estimation of the mobility. 

3. Charge carrier injection must be avoided. Injected carriers of the opposite sign to 

those being measured will result in recombination of carriers while drifting across the 

film which will prevent determination of the transit time. To avoid injection ToF is 

always performed in a reverse bias configuration. The ITO/PEDOT electrode, which 

typically forms an Ohmic contact to the HOMO and a Schottky to the LUMO, is 

biased negatively which prevents electron injection into the LUMO. The analogous 

situation occurs at the Ca/Al electrode for preventing hole injection. More generally 

the transit time must be shorter than the time it takes for the measured carrier to relax 

to the ground state, ç:4 &  çè = ���4/
, where 
 is the conductivity and çè is the 

dielectric relaxation time of the semiconductor. 

4. The concentration of photogenerated charge carriers is kept low enough to prevent 

distortion of the electric field. A general guideline to satisfy this requirement is that 

the number of photogenerated carriers is around 5-10 % of the capacitor charge,       ±</o:o ≪ LD, where L is the cell capacitance and D is the applied voltage. Failure to 

satisfy this requirement may result in screening of the electric field by the carriers. 

The shape of an idealised photocurrent transient during a ToF measurement is shown 

in Figure 4.24. Following photoexcitation through the ITO a sheet of electrons and 

holes are generated in the cell near the ITO electrode, which begin to drift under the 

applied field. This causes an initial spike in the photocurrent that rapidly decays. The 

reason for this rapid decay is twofold. Initially both electrons and holes are 

contributing to the photocurrent but the holes are quickly removed from the system 

through the ITO electrode causing a corresponding decrease in photocurrent. In 

addition the charge carriers are initially generated high in their density of states and  
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Figure 4.24 Origin of the ToF photocurrent transient and transit time. 

therefore can more easily hop and have a high initial mobility. The carriers rapidly 

thermalise towards the equilibrium tail of the density of states which lowers the mobility 

and the photocurrent. Once in equilibrium the electrons drift across the sample with 

constant velocity giving rise to a plateau region in the photocurrent. As the electrons begin 

to reach the Ca/Al electrode the photocurrent decreases. As there is a distribution of 

electron energies and mobilities, the electrons do not arrive simultaneously and the 

photocurrent therefore has a finite decay time which is known as the tail. The knee 

between the plateau and tail regions defines the transit time of the electrons and from this 

time their mobility can be calculated using the following relation, 

 1 = å�Dç:4 (4.18) 

where D is the applied voltage and å is the sample thickness. 

The photocurrent transient shown in Figure 4.24 occurs if the transport is non-dispersive 

which means that the carriers traverse the film without spreading out. Unfortunately many 

organic semiconductors exhibit dispersive transport where the charge carrier packet 

spreads out as it crosses the film. Dispersive transport arises due to the nature of hopping 

transport through disordered media (see GDM in Section 2.2.5). There is a distribution of 

hopping site energies and the time a carrier spends on a site before hopping to the next is 

dependent on the energy difference between that site and its neighbours. As the carriers 
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hop through this energetic landscape some carriers will be energetically fortunate and 

traverse it quickly while others will become temporarily trapped. The current will 

therefore decrease as the carriers cross the film and there will be a large distribution in 

arrival times. An example of a dispersive transient is shown in Figure 4.25a where it can 

be seen there is no distinction between the plateau and tail regions which makes 

determining the transit time difficult.   

  
Figure 4.25 Example of a dispersive ToF photocurrent transient in (a) linear scale and (b) double logarithmic 

scale. 

Dispersive ToF transients are therefore commonly analysed in accordance with Scher-

Montroll formalism which describes the transient using a power law that changes 

exponent once carriers start to be arrive at the electrode,[35]  

 ÀJ/o:o(ç) ~ çA(BAê),          ç & ç:4ÀJ/o:o(ç) ~  çA(B�ê), ç % ç:4   (4.19) 

where α is a parameter that describes the dispersity of the transient. By plotting the 

transient on a double logarithmic plot the change in exponent transforms into a change in 

gradient and the knee of this gradient change is the transit time.  The transit time can 

therefore be accurately determined by the intersection of two linear fits as shown in Figure 

4.25b. 

4.5.2 ToF Cell Fabrication 

ToF requires organic layer thicknesses of several microns (see point 2 in the previous 

section). It is difficult to deposit films thicker than several hundred nanometres using spin 

coating and the organic layers were therefore deposited using drop casting. A flat surface 



4-38 
 

is crucial to achieve uniform drop cast films and the substrates were therefore placed on 

a custom metal platform with three adjustable legs. The height of legs was adjusted until 

the platform was level which was monitored by a bull’s eye spirit level mounted on the 

platform. The substrate was then covered in a layer of solution and left to dry. Film quality 

is generally improved by allowing the solvent to slowly evaporate. Higher boiling point 

solvents such as dichlorobenzene, trichlorobenzene and tetrachloroethane are therefore 

favourable. The evaporation rate can be further controlled by covering the drying 

substrates with a watch glass.  

After organic layer deposition the top electrode is deposited. This is undertaken in a 

similar manner to standard solar cells (Section 4.1.3) except that the cathode needs to be 

kept thin for hole mobility measurements as the electrode needs to be optically transparent 

to the laser pulse. A standard choice of cathode is Ca/Al and a good compromise between 

optical transparency and electrical stability is achieved using 10 nm of calcium followed 

by 20 nm of aluminium.  

A final note is that the cell is left unencapsulated. Knowing the thickness of the organic 

layer accurately is crucial for an accurate determination of the mobility (Eq. 4.18). A 

reference cell cannot be used as the drop casting method produces films with large 

variations in thickness. The cell is therefore left unencapsulated so that the thickness of 

each pixel can be accurately measured after the measurement. 

4.5.3 ToF Measurement 

The cell is placed inside a cryostat (Oxford Instruments Optistat) and pumped down to          

1 x 10-4 mbar to prevent degradation during the measurement. The cell is connected to 

the external circuit shown in Figure 4.26.  The cell was biased using a low noise high 

voltage power supply (Farnell Instruments E350) which has a maximum output voltage 

of 350 V. The relative polarity of the cell and power supply was always chosen so that 

the cell was in reverse bias (positive voltage applied to the cathode) to prevent injection 

of charge carriers into the semiconductor. The top switch decouples the cell from the 

voltage source and grounds it to dissipate any charge build up. The lower switch switches 

between two detection loops with different methods of current to voltage conversion. In  
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Figure 4.26 Time of flight detection circuit. 

the loop on the right the current transient from the cell flows through a variable resistor 

and then to ground. An oscilloscope is connected across this resistor to measure the 

change in voltage with time. The loop on the left has no resistor and is for use with a 

transimpedance amplifier which converts the small change in current into a large voltage 

change that is then monitored on the oscilloscope. The transimpedance amplifier was used 

for nearly all measurements as it offers far superior signal to noise than the resistor. The 

resistor was mainly used to calibrate the magnitude of the photocurrent transient. 

 

In order to minimise the absorption depth of the laser pulse it is important that the pump 

wavelength is as close as possible to the absorption maximum of material under study. 

Dye lasers are a simple method that enable access to a wide range of wavelengths. A basic 

dye laser was therefore constructed and is shown schematically in Figure 4.27. The pump 

laser is the 2nd harmonic of an Nd:YAG (Surelite Continuum). A cylindrical lens is used 

to form the beam into a narrow strip that is approximately the same width as the dye 

cuvette when it reaches it. The laser dye chosen was Pyridine 1 (Sirah) which absorbs 

strongly at 532 nm and emits in the 670 nm to 720 nm range. The Pyridine 1 was dissolved 

in DMSO at a concentration of 0.9 mg cm -3. At this concentration the pump laser is 

absorbed within several millimetres. The pump laser excites a strip of Pyridine 1 close to 

the front wall of the cuvette which fluoresces and the side walls of the cuvette act as an 

optical cavity, creating a laser. As laser light is out-coupled from both sides of the 
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Figure 4.27 Nd:YAG pumped dye laser for TOF excitation. 

the cuvette, a convex mirror was placed at one side to direct light out coupled to the 

‘wrong’ side back through the dye cuvette. The beam then passes through a pickoff mirror 

which is used to trigger the oscilloscope and finally focused onto a specific pixel of the 

cell under study. The wavelength and FWHM of the dye laser was characterised using a 

spectrometer (OceanOptics) as shown in Figure 4.28. The peak wavelength is 714 nm and 

the FWHM is 11 nm. 

 

Figure 4.28 Lasing output of Pyridine 1 dye laser pumped using pulsed 532 nm. 
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4.5.4 Thickness Measurement 

The thickness of each pixel was measured using a surface profiler (Veeco Dektak 150). 

Three scratches were made across each pixel and the difference in height between the 

scratch and the film measured at nine points on each pixel and the mean value calculated. 
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5 Air Exposure Induced Recombination in PTB7:PC71BM 

Solar Cells as Studied by Electrically Detected Magnetic 

Resonance 

5.1 Introduction 

In this chapter a study of trap assisted recombination pathways in PTB7:PC71BM cells 

processed under ambient atmosphere is presented. Current voltage characterisation was 

combined with continuous wave and pulsed electrically detected magnetic resonance to 

spectroscopically identify recombination sites that form in the blend during ambient 

processing. The work presented here forms the basis of the paper Air Exposure Induced 

Recombination in PTB7:PC71BM Solar Cells.[1] 

The efficiency of PTB7:PC71BM cells containing the solvent additive DIO is reduced 

when processed under ambient atmosphere. Light intensity dependent current-voltage 

analysis reveals that exposure to ambient atmosphere results in a substantial increase in 

trap-assisted recombination losses. To identify the source of the recombination, the 

pristine and air exposed cells were analysed using EDMR spectroscopy. EDMR 

spectroscopy reveals a pronounced increase in the spin-dependent component of the 

photocurrent of cells exposed to both ambient atmosphere and DIO. Using pulsed EDMR 

spin-Rabi oscillation measurements, two weakly coupled spin ½ species are shown to be 

primarily responsible for the spin-dependent photocurrent. Selective injection of charge 

carriers shows that the two spin ½ species are electrons and holes undergoing 

recombination. In order to identify the location of the recombination sites in the blend 

EDMR spectroscopy of the neat components, PTB7 and PC71BM, was undertaken. 

Comparison of the blend spectrum to those of the neat components enables the primary 

spin-dependent transition to be assigned to trapped electrons on the PC71BM recombining 

with holes on the PTB7. 

5.2 Background 

As of 2017 OPV cells with efficiencies exceeding 10 % are routinely reported,[2-8] which 

is an important step in achieving the 10/10 target for OPV cells, 10 % efficiency and 10 

years lifetime, which is seen as a prerequisite for commercialisation While cell 
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efficiencies have steadily improved many of the high efficiency donor / acceptor systems 

have been shown to lack intrinsic stability and are also susceptible to extrinsic degradation 

via reactions with oxygen and moisture.[9] Fully understanding and solving the various 

degradation mechanisms is crucial if OPV cells are to reach commercialisation. 

The focus of this investigation is on the ambient stability of the blend of the polymeric 

donor poly([4,8-bis[(2-ethylhexyl) oxy]benzo[1,2-b:4,5-b] dithiophene-2,6-diyl]) 

(PTB7) with the fullerene derivative phenyl-C71-butric acid methyl-ester (PC71BM) 

which has achieved PCEs of over 9 %.[10] Closely related derivatives in the same BDT 

based polymer family such as PTB7-Th have obtained PCEs of over 10 %.[11] The 

PTB7:PC71BM system therefore serves as an archetypal modern and high performance 

polymer:fullerene blend. The PTB7:PC71BM system has been extensively studied and 

there have been several previous investigations into its ambient stability. Under 

illumination in ambient atmosphere PTB7 was shown to undergo photo-oxidation due to 

singlet oxygen generation mediated through oxygen quenching of PTB7 triplets.[12] This 

was explored further using Raman spectroscopy and density functional theory 

calculations which identified the photo-oxidation reaction to be the formation of hydroxyl 

groups on the benzodithiophene units of PTB7.[13] It was also shown that cell efficiency 

is reduced when stored under ambient atmosphere in the dark.[14]  

Like all OPV blend systems the PCE of PTB7:PC71BM is critically dependent on the 

nanoscale morphology of the bulk heterojunction that is created during film deposition. 

To achieve optimum morphology a high boiling point solvent additive diiodooctane 

(DIO) is routinely employed to optimise the morphology. DIO has been shown to reduce 

fullerene aggregate size and promote the formation of narrow elongated PTB7 and 

PC71BM domains which aids charge extraction and improves the PCE by a factor of 2.[15] 

Earlier stability studies did not explore the role that the DIO might play in cell stability 

and focused on the donor and acceptor only. Recently several studies have highlighted 

the poor cell stability when residual DIO is left in the active layer after cell fabrication.[16-

19] The influence of DIO on the ambient processing capability of PTB7:PC71BM cells has 

also been explored. The PCE of PTB7:PC71BM cells were observed to decrease 

substantially when spin-coated under ambient atmosphere rather than the inert 

atmosphere of a glovebox.[20, 21] The cause of this performance drop was initially 
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unknown but it was later shown through XPS and FT-IR spectroscopy that DIO promotes 

oxidation of the PC71BM.[22] Ambient processability is an important area of study in the 

road to commercialisation as one of the key advantages of OPV over other thin film PV 

technologies is their solution processability, enabling high throughput and low cost roll-

to-roll processing.[23] Such large area processing will occur under ambient atmosphere, 

rather than the low oxygen and moisture environment of a glovebox used for research 

cells.[20] OPV blends must therefore be capable of ambient processing without loss of 

performance. 

While previously reported spectroscopy provides excellent insight into the observed 

degradation, it does not provide a direct link to changes in cell performance. Conversely 

electrical studies on working cells are insensitive to the origin of the performance loss. 

The goal of this research was to bridge this divide by combining photovoltaic 

characterisation with electrically detected spectroscopy to investigate the source of the 

performance loss in PTB7:PC71BM solar cells when processed under ambient 

atmosphere.  

5.3 Materials 

5.3.1 PTB7 

 

 

Figure 5.1 PTB7 chemical structure 

Poly([4,8-bis[(2-ethylhexyl) oxy]benzo[1,2-b:4,5-b] dithiophene-2,6-diyl]) (PTB7) is a 

low bandgap polymeric donor. The alternating electron rich (benzodithiophene) and 

electron deficient (thienothiophene) units lower the band gap, resulting is greater 
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absorption of the solar spectrum than earlier donor designs. When blended with PC71BM 

it was the first OPV material system to achieve a PCE of over 7%.[24] PTB7 was purchased 

from 1-Material (OS0007) and used without further purification. 

5.3.2 PC71BM 

 

Figure 5.2 PC71BM chemical structure 

[6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) is soluble fullerene derivative 

widely used as the electron acceptor in high efficiency OPV cells. The asymmetry of 

PC71BM cage results in enhanced optical absorption compared with PC61BM, enabling 

greater photon harvesting.[25, 26] PC71BM was purchased from Solenne (> 99 % purity) 

and used without further purification. 

5.3.3 DIO 

 

Figure 5.3 DIO chemical structure 

1,8-diiodooctane is a high boiling point solvent that is used as an additive to improve the 

morphology of several OPV blend systems. In PTB7:PC71BM the addition of DIO 

prevents the formation of large fullerene clusters which improves the PCE by a factor of 

2.[15] DIO was purchased from Sigma Aldrich (250295-5G) with a purity of 98 % and 

containing copper as a stabiliser. It was used without further purification. 
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5.4 Experimental 

5.4.1 Sample Preparation 

Substrates for J-V characterisation were prepared as outlined in Section 4.2.1. For EDMR 

spectroscopy the substrate preparation and cell design described in Section 4.4.1 was 

used. For ambipolar and hole rich cells a bottom contact of PEDOT:PSS (Heraeus Clevios 

P VP AI 4083) was spin-coated at 4000 rpm. The substrates were then annealed on a 

hotplate at 120 °C for 20 min to remove residual water. In electron rich cells a 1 nm layer 

of LiF was thermally evaporated onto the ITO substrate in place of the PEDOT:PSS. 

PTB7 and PC71BM were dissolved in anhydrous chlorobenzene in a 1:1.5 weight ratio to 

give a total concentration of 20 mg cm-3 inside a nitrogen filled glovebox and stirred at 

50 °C for 6 hours. For cells processed using the solvent additive 1,8-Diiodooctane, 3% 

by volume of DIO was added to the solution 10 minutes prior to spin-coating.  

To fabricate pristine cells the PTB7:PC71BM solution was spin-coated at 1000 rpm inside 

a nitrogen glovebox and the cells left to dry for 10 minutes. Air exposed cells were spin-

coated at 1000 rpm under ambient atmosphere and left to dry for 10 minutes under the 

ambient atmosphere. Single component cells were fabricated in a similar manner to the 

above, using concentrations of 20 mg cm-3 and 5 mg cm-3 for PC71BM and PTB7 in 

chlorobenzene respectively. The top electrodes were deposited by thermal evaporation. 

These were 20 nm calcium followed by 80 nm aluminium for ambipolar cells; 1 nm LiF 

followed by 80 nm aluminium for electron rich cells and 100 nm of gold for hole rich 

cells.  Following contact deposition the cells were encapsulated as described in Section 

4.4.5. 

5.5 Results 

5.5.1 J-V Characterisation 

PTB7:PC71BM cells were fabricated under inert atmosphere (pristine) and ambient 

atmosphere (air exposed), with and without the solvent additive DIO. The J-V 

characteristics of the cells were measured under AM1.5G illumination and are shown in 

Figure 5.4. When the cells were processed using DIO the average PCE of the pristine 

cells was 6.1(3) % while the air exposed cells had an average PCE of 1.7(2) %, which is 
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a 73 % reduction in efficiency. Looking at Figure 5.4a it can be seen that the air exposed 

cells have a have a steep slope in the 3rd quadrant (negative voltage and negative current) 

which results in loss of JSC and fill factor (see Table 5.1). A 3rd quadrant slope indicates 

that more charge carriers are being extracted as the negative voltage is increased, which 

suggests that charge recombination is outcompeting charge extraction. This strongly 

implies that air exposure has increased charge carrier recombination losses inside the cell. 

The reduction in fill factor and JSC together with a small drop of the VOC is responsible 

for the loss of PCE of the air exposed cells.  

  

Figure 5.4 J-V characteristics of pristine (black) and air exposed (red) PTB7:PC71BM cells. (a) Cells were 

processed using DIO. (b) Cells were processed without DIO. 

For comparison pristine and air exposed PTB7:PC71BM cells were processed without the 

solvent additive DIO. The pristine cells had a PCE of 2.2(1) % compared to 1.5(1) % for 

the air exposed, a 31 % reduction in PCE. The J-V curves of the pristine cells and air 

exposed cells are similar as shown in Figure 5.4b. Both exhibit a steep 3rd quadrant slope 

and low fill factor due to poor charge extraction. Such a shape is typical of cells with an 

unoptimised morphology, and is expected when PTB7:PC71BM cells are processed 

without a solvent additive. The 31 % reduction in PCE when DIO free cells are processed 

under ambient atmosphere is significantly less than the 73 % reduction obtained for DIO 

containing cells. This result suggests that DIO enhances the performance loss when 

PTB7:PC71BM cells are processed under ambient atmosphere. To gain further insight into 

the source of the performance loss variable light intensity J-V analysis was used. 
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Table 5.1 Variation of PTB7:PC71BM cell parameters with processing environment 

Exposure DIO PCE (%) FF (%) JSC (mA cm-2) VOC (V) 

Pristine  Yes 6.1(3) 65 13.0 0.74 

Air Exposed  Yes 1.7(2) 43 5.5 0.59 

Pristine  No 2.2(1) 46 6.6 0.72 

Air Exposed  No 1.5(1) 43 5.3 0.66 

 

J-V curves of DIO processed cells were recorded over a range of light intensities. As 

explained in Section 4.2.3 the bimolecular recombination loss at short circuit can be 

estimated by plotting the JSC versus light intensity on a log-log scale as shown in Figure 

5.5a while monomolecular recombination losses can be estimated by plotting the natural 

logarithm of the light intensity versus VOC as shown in Figure 5.5b. The data in Figure 

5.5a was fitted with a power law JSC = aIb
, where I is the light intensity and b is a measure 

of the degree of bimolecular recombination, the lower the value of b the greater the 

recombination. Averaged across multiple cells the value of b was 0.956(1) for pristine 

cells and 0.936(3) for air exposed cells. The similarity in the value of b between pristine 

and air exposed cells suggests that processing the cells under ambient atmosphere does 

not appreciably increase the bimolecular recombination loss. Linear fits were applied to  

 

  

Figure 5.5 J-V characteristics of pristine (black) and air exposed (red) PTB7:PC71BM solar cells as function of 

light intensity. Cells were processed using DIO. (a) JSC versus light intensity on log-log plot to estimate 

bimolecular recombination losses. (b) VOC versus light intensity on semi log plot to estimate monomolecular 

recombination. 
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the data in Figure 5.5b. A slope of kT/e corresponds to zero monomolecular (trap-

assisted) recombination losses, higher gradients signify increased losses. The average 

gradient was 1.16(1) kT/e for pristine cells and 1.52(1) kT/e for air exposed. The 

substantially higher gradient when cells are processed under ambient atmosphere 

indicates that the air exposure creates trap sites inside the cell which serve as 

recombination centres. This increased trap assisted recombination is likely the source of 

the PCE reduction when PTB7:PC71BM cells are processed under ambient atmosphere. 

In order to gain further insight into these recombination centres, EDMR spectroscopy was 

used. 

5.5.2 Influence of Processing Environment on EDMR of PTB7:PC71BM Cells 

The EDMR spectra of PTB7:PC71BM cells processed under different environments were 

measured at 9.8 GHz. The cells were illuminated with a white light LED at short circuit 

and the change in the photocurrent recorded. The EDMR spectra of three PTB7:PC71BM 

cells processed under different environments are shown in Figure 5.6. The light intensity 

was adjusted so that the photocurrent was 20 μA in all measurements and the spectra were 

recorded using the same microwave power and field modulation amplitude. Cells 

processed under the nitrogen atmosphere of the glovebox exhibit a weak EDMR response 

around g ≈ 2. Cells processed under ambient atmosphere without DIO exhibit a similar 

response in both magnitude and lineshape. However when cells are processed under 

ambient atmosphere using DIO the EDMR response increases by around a factor of 50. 

These measurements were repeated across more than 20 cells spread across 4 fabrication 

runs and this trend was observed in all instances. This increase in the EDMR signal when 

both DIO and air are present correlates with the large reduction in PCE when DIO 

containing cells are processed under ambient atmosphere. This suggests that the 

combination of DIO and oxygen causes a chemical change in the blend which lowers the 

PCE and gives rise to a strong spin-dependent mechanism in the photocurrent. This spin-

dependent mechanism is likely the trap assisted recombination identified in the variable 

light intensity J-V characterisation. The correlation between increasing EDMR response 

and lower PCE is in agreement with previous EPR studies which showed that the stronger 
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the EPR intensity arising from radical species the lower the cell performance.[27-29] 

 

Figure 5.6 EDMR spectra of PTB7:PC71BM cells processed under different environments. The spectra were 

recorded under short circuit conditions with white light illumination using continuous wave 9.8 GHz microwave 

irradiation.  

The cwEDMR spectra shown in Figure 5.6 were recorded with field modulation and 

phase sensitive detection using a lock in amplifier. While this greatly improves the signal 

to noise it also obscures the sign of the EDMR response as the phase information is lost 

in the electrical detection circuit. The absolute magnitude of the current change is also 

obscured as there are unknown gain stages in the spectrometer and the magnitude is 

dependent on the choice of field modulation amplitude. To obtain this information the 

change in the photocurrent of the ‘ambient + DIO’ cell at resonance was monitored using 

a Keithley 2400 source measure unit. The off resonance photocurrent was 20.03 μA which 

decreased to 19.96 μA during resonance. The spin dependent component of the 

photocurrent is therefore around 50 nA which gives a relative current change of order 

1x10-3. The current change in the two other cells could not be measured using this method 
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due to their weaker signal. However their relative current change can be inferred from 

Figure 5.6 to be around ∼2 x 10-5. 

The decrease in photocurrent at resonance is consistent with a spin-dependent 

recombination mechanism. At equilibrium prior to resonance the electron-hole pairs 

undergoing non-geminate recombination will have a predominately triplet character, 

since those with singlet character will recombine and be removed from the system.  At 

resonance the singlet content of the pairs will be increased (Section 4.4.2). An increase 

in singlet content results in an increase in recombination rate and a decrease in the 

photocurrent resonance. While the observed decrease in photocurrent supports a 

recombination mechanism it is not conclusive as other as other spin-dependent 

mechanisms can also give rise to a decreasing current at resonance.[30] 

Obtaining a reliable spectral fit at using an EDMR spectrum taken at a single frequency 

is difficult and will have a large uncertainty.[31] EDMR spectra were therefore taken at 

three microwave frequencies in order to increase the accuracy of the spectral simulation 

as shown in Figure 5.7. The 9.8 GHz and 34 GHz spectra were recorded using cwEDMR 

while the 94 GHz was obtained by pEDMR; this spectrum was then pseudomodulated by 

taking the first derivative. The spectra were taken using low microwave power to prevent 

a distortion of lineshape due to power broadening.[32] The simulation is based on two 

Gaussian distributions which is the expected resonance response from two 

inhomogeneously broadened spin ½ species that form a spin-pair in an organic 

semiconductor.[31, 33-35]  The g-factor that each Gaussian distribution is centred on are 

those which gave the most accurate simulation of the experimental data over the three 

frequencies. The experimental spectra are best simulated using Gaussian distributions 

with centres of g = 2.0022(2) (blue) and 2.0026(2) (green). At 9.8 GHz the Gaussians 

centred on 2.0022(2) and 2.0026(2) have FWHM of 0.22(2) mT and 0.40(2) mT 

respectively. As the microwave frequency is increased the Gaussians broaden, reaching 

a FHWM of 1.48(2) mT and 2.30(2) mT at 94 GHz. 
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Figure 5.7 EDMR spectra of degraded PTB7:PC71BM cells. The spectra were recorded under short circuit 

conditions with white light illumination. The experimental spectra are shown in black, the total simulation in 

red and the underlying components in blue and green. (a) CW 9.8 GHz spectrum. (b) CW 34 GHz spectrum. (c) 

pseudo-modulated pulse 94 GHz spectrum. 
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The EDMR spectra are fit remarkably well at all three microwave frequencies using the 

two symmetric Gaussian distributions. As discussed in Section 3.2 the conventional light 

induced EPR spectra of organic semiconductors generally exhibit anisotropy due to the 

relative orientation of the anisotropic molecule or polymer segment and the applied 

magnetic field. The g-tensors of light induced electrons and holes in the PTB7:PC71BM 

blend has been previously measured using high field EPR, which showed that they are 

both anisotropic with rhombic symmetry.[36, 37] The conventional light induced EPR 

spectra of electrons and holes in PTB7:PC71BM would exhibit asymmetry from 

anisotropy even at 9.8 GHz and the principal values (turning points of the spectrum) of 

the g-tensor would be clearly resolved at 94 GHz. However in the EDMR spectra there is 

no indication of the principal values even at 94 GHz. This suggests that the g-tensors of 

the species detected here are either; more isotropic than those detected in conventional 

EPR or the inhomogeneous broadening (A-strain and g-strain) is so large that the principal 

values are smoothed out with no clear turning corresponding turning points in the 

spectrum. Given the increase in EDMR signal with air exposure, the species detected here 

almost certainly correspond to electrons or holes localised to defects in the blend and 

therefore may bear little resemble to the EPR spectra of light induced electrons and holes 

at cryogenic temperatures. The simulation of the spectra using isotropic g-factors and 

symmetric Gaussians or Lorentzians is well supported by previous EDMR studies on 

organic semiconductor systems. The two members of the spin pair giving rise to the 

EDMR response have been accurately simulated using a double Gaussian or Lorentzian 

fits in the majority of previous EDMR studies of organic systems, even when some of the 

organic materials are known to possess an asymmetric EPR lineshape.[31, 34, 35, 38-44] 

Introducing some anisotropy into the spectral fit does improve the residuals of the fits in 

Figure 5.7. However it has to be applied in a purely subjective manner due to the strong 

overlap of the two components and does not provide any new physical insight.  Double 

isotropic fits were therefore used for all simulations in this study and should be considered 

a first order approach that captures the essence of the lineshape and the rough location of 

the two components.  

The EDMR linewidth in organic semiconductors arises from two sources of 

inhomogeneous broadening. The first is unresolved hyperfine coupling to local nuclear 

magnetic moments and is field independent. The second is spin-orbit coupling which 
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gives rise to a distribution in the g-factor and is proportional to the magnetic field strength. 

This total linewidth 
:o: can be written, following the approach of Joshi et al,[31] as a 

geometric addition of the two components, 

 
:o: = ì
/m<� + a�,�� (5.1) 

where 
/m< is the field independent contribution from unresolved hyperfine coupling, a 

quantifies broadening due to spin-orbit coupling and ,� is the magnetic field. The spin-

orbit coupling term is responsible for the large increase in linewidth of the EDMR spectra 

as microwave frequency is increased. The linewidths of the two Gaussians are plotted in 

Figure 5.8 as a function of magnetic field. The dotted lines are an approximate fit using 

Eq 5.1 and should be treated with caution as there are insufficient data points to accurately 

simulate the magnetic field dependence; however they serve as a useful guide to the eye.  

 

Figure 5.8 Magnetic field dependence Gaussian linewidths. The squares are the linewidths obtained from 

simulation of the experimental spectra at the three microwave frequencies. The dotted line is fit using Eq 5.1. 

The Gaussian distribution centred on 2.0022(2) is shown in blue and the 2.0026(2) distribution in green. 

The value of 
/m< can be estimated from the y-axis intercept and it can therefore be seen 

that the 2.00026(2) (green) distribution has a larger hyperfine broadening than the 

2.0022(2) (blue) distribution. This indicates that the 2.0022(2) species is less strongly 

coupled to the surrounding nuclei. This suggest that the species at 2.0022(2)  may be more 

delocalised than that at 2.0026(2)  but this is far from conclusive.  
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5.5.3 Power Saturation 

The influence of microwave power on the intensity and lineshape of the EDMR spectrum 

was investigated. The variation of the 9.8 GHz EDMR lineshape and magnitude with 

increasing microwave power is shown in Figure 5.9. At microwave powers below 5 mW 

the EDMR lineshape is accurately described by the two Gaussians discussed in the 

previous section, and the magnitude of the EDMR response increases linearly with 

microwave power as can be seen from the linear fit through the first three points. As the 

microwave power is increased beyond 5 mW the resonance enters the saturation regime. 

This results in a break from linearity and power broadening of the EDMR spectrum. In 

the saturation regime the lineshape of the two distributions are no longer described by 

pure Gaussians but rather pseudo-Voigtians; a linear combination of a Gaussian and a 

Lorentzian. As the power is increased the Lorentzian character becomes increasingly 

dominant and at powers over 100 mW the lineshape is most accurately simulated using 

pure Lorentzians. Increasing the microwave power beyond 100 mW results in no further 

increase of the resonance magnitude, as can be seen from the plateau in Figure 5.9b, and 

instead only further broadens the lineshape. 

  

Figure 5.9 Effect of microwave power on the lineshape and magnitude of the 9.8 GHz EDMR spectrum of 

degraded PTB7:PC71BM. (a) Variation of the lineshape with microwave power. The experimental spectra are 

shown in black, the total simulation in red, the 2.0022(2) in blue, 2.0226(2) in green and spin flip satellites in 

orange. (b) The variation of the maximum current change with microwave power. 
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5.5.4 Spin Flip Satellites 

It is evident from Figure 5.9a that power broadening is not the only change in the EDMR 

lineshape. As the microwave power is increased two sharp peaks located either side of 

the main line become increasingly pronounced. The peaks are equidistant from the 

resonance centred on 2.0022(2) suggesting that they are coupled to the central line. The 

weak intensity, equidistance from the centre, and increased relative amplitude at low 

microwave powers suggests they are spin flip satellites.  

Spin flip satellites were first observed by Zeldes et al.[45] and the theoretical foundation 

provided by Trammel,[46] and arise from the simultaneous flipping of the electron and a 

neighbouring nuclear spin during the EPR transition. The exact theory of these transitions 

is mathematically demanding and can be found elsewhere.[46-49] Here a simplified theory 

is presented in order to illustrate the origin of the satellites. Consider a system containing 

a single electron and nucleus with I = ½ such as a proton. The spin Hamiltonian of this 

system is given by, 

 HW = VW.X + VW2X + VW/| (5.2a) 

 

 HW = gμíy[. QR − S2μxy[. z_ + QR[. ~. z_ (5.2b) 

The four possible spin states of the system are: 

 |a(�), a(-)b    |a(�), c(-)b    |c(�), a(-)b    |c(�), c(-)b (5.3) 

where the a and c are the spin up and spin down states and � and - signify if the spin 

states is that of the electron or nucleus. Applying HW  to these states, taking the g-factor and 

hyperfine coupling to be isotropic, yields the following energies to first order:[50] 

 ¥a(�),a(-) = + 12 S.1T, − 12 S�1�, + 14 �� (5.4a) 

 ¥a(�),c(-) = + 12 S.1T, + 12 S�1�, − 14 �� (5.4b) 

 ¥c(�),a(-) = − 12 S.1T, − 12 S�1�, − 14 �� (5.4c) 

 ¥c(�),c(-) = − 12 S.1T, + 12 S�1�, + 14 �� (5.4d) 
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The energy level diagram is shown in Figure 5.10, where the ordering is such that the 

hyperfine coupling term is smaller than the nuclear Zeeman term. In the transitions shown 

in blue the electron magnetic moment is changed while the nuclear magnetic moment 

remains unchanged (ΔMS
 = 1, ΔMI

 = 0). These are the standard EPR allowed transitions 

and have energies given by Eq 5.5. 

 ¥a(�),a(-) − ¥c(�),a(-) =  S.1T, + 12 �� (5.5a) 

 ¥a(�),c(-) − ¥c(�),c(-) =  S.1T, − 12 �� (5.5b) 

In organic semiconductors the hyperfine coupling is weak and the two transitions are 

therefore not resolved in the EDMR spectrum. Instead the interaction of the electron with 

many surrounding protons causes an envelope of these transitions, leading to 

inhomogeneous broadening of the resonance and giving rise to the Gaussian distributions 

simulated in the previous section. 

 

Figure 5.10 Energy levels of a S= ½, I= ½ system. Hyperfine coupling is assumed to be isotropic only. Allowed 

transitions are shown in blue and forbidden in red. Adapted from Weil & Bolton.[50] 
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The red transitions in Figure 5.10 are those where both electron and nuclear magnetic 

moment changes (ΔMS
 = 1, ΔMI

 = 1). These transitions are forbidden due to conservation 

of angular momentum and therefore not observable in the vast majority of EPR 

measurements. However as the electron and nuclear magnetic moments will be coupled 

this selection rule is relaxed and weak transitions can be seen under certain circumstances. 

The energies of these “forbidden” transitions are given by Eq. 5.6. 

 ¥a(�),a(-) − ¥c(�),c(-) =  S.1T, − S�1�, (5.6a) 

 ¥a(�),c(-) − ¥c(�),,(-) =  S.1T, + S�1�, (5.6b) 

Comparing Eq. 5.5 and Eq. 5.6 it can be seen that forbidden transitions have energies of S�1�, above and below the central allowed transition. It is these forbidden transitions 

that give rise to the nuclear spin flip satellites. Converting energy difference to magnetic 

field units, the expected spacing between the centre transition and the satellites is given 

by Eq. 5.7. 

 ∆,=;: = S�1�,S.1T  (5.7) 

The experimental spectra shown in Figure 5.9a were most accurately simulated using 

Lorentzian lineshapes equidistant from the 2.0022(2) distribution. The spacing between 

the 2.0022(2) distribution and the satellites was 0.51(2) mT. Using Eq 5.7 a spacing of 

0.51 mT corresponds to a S� of approximately 5.5 which is the nuclear g-factor of a 

proton. This supports the argument that the satellites arise from nuclear spin-flips, 

specifically the flips of nearby protons.  

To provide further evidence that the satellite lines arise from nuclear spin flip transitions, 

the power dependence of the satellite lines was investigated. Experimental spectra were 

recorded over a range of microwave powers and the lineshape simulated at each power. 

The integrated intensities of the simulated central 2.0022(2) distribution and the satellite 

lines are plotted in Figure 5.11 as a function of microwave power. The integrated intensity 

of the centre line breaks from linearity at low microwave powers due, as discussed in the 

previous section, to saturation of EDMR transition. In contrast the intensity of the satellite 

lines remains linear over the full range of microwave powers. As nuclear spin flip 
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transitions are ‘forbidden’ the transition rate is much smaller than for the central line and 

the satellite transitions therefore require higher microwave power to saturate. The lack of 

power saturation in Figure 5.11 is further proof that the satellites arise from nuclear spin 

flips. 

 

Figure 5.11 Integrated intensity of central and satellite lines as a function of microwave power. Data points are 

the integrated intensities of the components in the spectral simulations. 

Based on Eq. 5.7 the distance between the satellites and central line increases with 

magnetic field and the centre-satellite separation should therefore be greater in 34 GHz 

and 94 GHz EDMR spectra. However from the full theory developed by Trammel,[46] the 

intensity of the satellites is inversely proportional to the square of the magnetic field: 

 À=;:Àî.2:4. ∝ S.�1T�,���ð  (5.8) 

where À=;: and Àî.2:4. are the integrated intensity of the centre and the satellite lines and � is distance between the electron and nucleus. The spin flip satellite intensity at 34 GHz 

and 94 GHz would therefore be 8 % and 1 % of the intensity obtained at 9.8 GHz 

respectively. For this reason no satellite transitions were able to be observed in the 34 

GHz and 94 GHz EDMR spectra. 
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The presence of a spin flip satellite suggests that one of the spin pair partners is in close 

proximity to a hydrogen nucleus. A search of the literature yielded only two previous 

reports of electrically detected spin flip satellites, both by Hiromitsu et al.[51, 52] The first 

report was EDMR spectroscopy of H2-phthalocyanine:C60 bilayer solar cells. Two 

independent EDMR resonances at 2.0018(2) and 2.0010(2) were detected and attributed 

to electron hole recombination at two different recombination sites. The 2.0018 resonance 

had associated proton spin flip satellites and was therefore assigned to be in close 

proximity to the H2-phthalocyanine. However this interpretation was cast into doubt upon 

measuring the EDMR spectrum of a cell containing only the C60 layer.[52] Here they 

observed an EDMR resonance at 2.0020(2) which also had associated proton spin flip 

satellites. The origin of these protons is not clear as C60 does not contain hydrogen. They 

are simply referred to as impurity protons in the paper but there suspected origin is not 

discussed. Based on the observation of satellites in C60 they suggest that the proton spin 

flip satellites observed in the H2-phthalocyanine:C60 cell may also be due to these 

impurity protons. These earlier results are obviously relevant to the work presented in this 

chapter as the proton spin flip satellites observed here are centred on a resonance with 

similar g-factor and PC71BM is a similar material to C60. However it is difficult to draw 

any conclusions based on this earlier work without knowing the origin or chemical nature 

of proton impurity sites. 

5.5.5 Breakdown of the Simulation at High Powers 

At the highest microwave powers the three component fit (two central distributions plus 

satellite component) becomes increasingly poor at reproducing the experimental 

lineshape. This can be seen from Fit 1 in Figure 5.12, where there is a lack of spectral 

density on the low field side using a three component simulation. This inability to 

reproduce the experimental spectra at high powers suggests that there is, at least, one 

additional EDMR transition present. The simplest refinement of the simulation that can 

be made to improve the fit is an additional broad resonance centred on 2.0038(3) which 

is shown in magenta in Fit 2 in Figure 5.12. This fit is obviously not unique but gave the 

best improvement with only the addition of a single component. 
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Figure 5.12 Breakdown of the three component fit at high microwave powers. Experimental spectra (black line) 

were recorded at 200 mW. The total simulation is shown in red, the 2.0022(2) in blue, 2.0226(2) in green, spin 

flip satellites in orange, and the additional 2.0038(3) component in magenta. 

5.5.6 Pulsed EDMR 

To further explore the nature of the EDMR transitions and gain insight to underlying 

mechanism pulsed EDMR spectroscopy was employed. pEDMR transients of the 

degraded cell were recorded as a function of magnetic field at 9.8 GHz and 34 GHz. The 

pEDMR transient after a 300 ns 34 GHz pulse is shown in Figure 5.13a. The microwave 

pulse causes a decrease in the photocurrent which returns to its steady state value by 15 

μs as shown by the colour map. At times greater than 6 μs the EDMR lineshape can be 

accurately simulated using two pseudo Voight distributions with equal intensities centred 

on 2.0022(2) and 2.0026(2), as shown in Figure 5.13c, in agreement to spectral fitting 

obtained from the cwEDMR. The pseudo Voight lineshape of the distributions arises from 

the high pulse power used to acquire the spectrum which introduced a small degree of 

power broadening and distortion of the lineshape towards Lorentzian.[32] The relative 

intensity of the distributions remains equal at all times indicating that both distributions 

have the same dynamic behaviour. The fact both distributions exhibit the same dynamics 

lends further support to the proposal that the distributions are involved in the same spin-

dependent process and represent the constituent members of a spin-pair.[34, 40] At short 

times (t < 5 μs) there is an additional broad distribution centred on 2.0038(3) 
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Figure 5.13 Pulse EDMR spectra recorded under short circuit conditions with illumination at room temperature. 

(a) Current transient following a 34 GHz 300 ns microwave pulse at t = 0. The colour plot denotes the change in 

photocurrent from the steady state. Line plots are superimposed to show the lineshape at different times. The 

experimental data is shown in black, the total simulation in red and the underlying components in blue, green 

and magenta. (b) Lineshape at 2.5 μs. (c) Lineshape at 7.0 μs. 

as shown in Figure 5.13b. The 2.0038(3) distribution decays rapidly and has returned to 

the steady state value by 5 μs. This is almost certainly the same distribution that improved 

the fit of the high power cwEDMR spectrum in section 5.5.5. The fact it decays rapidly 

gives it small time integrated intensity in relation to the 2.0022(2) and 2.0026(2) 

distributions and therefore a weak cwEDMR response.  

Figure 5.14 shows slices of the pEDMR transient at t = 2.5 μs at different pulse powers. 

As the pulse power is decreased the weight of the 2.0038(3) distribution decreases relative 

to the 2.0022(2) and 2.0026(2) distributions indicating that it has different power 

saturation behaviour. This is in agreement to the cwEDMR spectra where the 2.0038(3) 

distribution was only visible at the highest microwave powers. The fact that the 2.0038(3) 

distribution exhibits different decay dynamics and power saturation behaviour from the  
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Figure 5.14 Variation of the pEDMR spectrum with microwave power. The spectra were recorded using 34 GHz 

300 ns microwave pulses. Experimental spectra are shown in black, the total simulation in red and the 

underlying components in blue, green and magenta. All spectra are from a slice of the transient at t = 2.5 μs. 

2.0022(2) and 2.0026(2) distributions reveals that it must correspond to a second 

independent spin dependent process. 

5.5.7 Rabi Oscillation 

To gain further information on the underlying mechanism, the spin nutation during the 

microwave pulse was explored. This was achieved using a Rabi oscillation experiment 

where the pulse length is varied and the EDMR transient integrated to obtain the charge, 

Q. As discussed in Section 4.4.4 the dynamics of the spin pair during the microwave pulse 

can be observed by integrating the pEDMR transient to obtain Q and plotting Q as a 

function of pulse length.   

The pulse length was varied from 2 ns to 600 ns at nine microwave powers covering a 16 

dB range. The Rabi Oscillation of Q at different microwave powers is shown in Figure 

5.15. It can be seen that as the ,B field becomes stronger the Rabi oscillation frequency, Ω, increases in accordance with the on resonance Rabi equation, 

 Ω = �,B (5.9) 

where � is the gyromagnetic ratio of one member of the spin pair. Figure 5.15 also shows 
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Figure 5.15 pEDMR Rabi oscillation spectra were recorded using 9.8 microwave pulses at short circuit. The B1 

field strength is listed below each oscillation. 

that the Rabi oscillations appear to be composed of at least two frequencies. To more 

clearly analyse the oscillations, they were Fourier transformed to reveal the underlying 

frequency components. An example Fourier transform at a ,B of 0.63 mT is shown in 

Figure 5.16. It reveals there are two prominent frequency components, one double the 

other. In addition there is a weak component close to zero frequency. There are two 

possible origins of this low frequency component, improper background subtraction and 

a spin beat difference oscillation. When the spin-pair contains two spins with different g-

factors the spins will have slightly different Rabi frequencies which can give rise to an 

oscillation at the difference in Rabi frequency of the two spins. The presence of this low 

frequency oscillation has been predicted theoretically by Glenn et al,[53] and observed 

experimentally by Schooten et al.[42] However a frequency component close to zero can 

also be caused by imperfect background subtraction before taking the Fourier transform 

and is known as the DC component. Various methods of pre-processing were tried to 

accurately remove background drift of the Rabi oscillation experiment output but none 

were perfect. It could be seen that the height of low frequency component was dependent 
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on the background subtraction method used. It can therefore not be said definitively if the 

low frequency component arises from the beat difference oscillation or drifts in 

background during the Rabi oscillation experiment and the low frequency components 

are therefore neglected in the remaining analysis. 

 

Figure 5.16 Fourier transform of the Rabi oscillations at B1 = 0.63 mT. 

The Fourier transform at each ,B field was calculated and combined to create the colour 

plot shown in Figure 5.17. It can be seen from Figure 5.17 that frequency of both 

components varies linearly with ,B field strength. Linear best fits (dashed lines) were 

applied, revealing a factor of 2 difference in the slopes and thus confirming that higher 

frequency component is double the frequency of the lower at all ,B fields. At low B1 the 

amplitude of the Ω component is greater than the 2Ω component. As B1 is increased the 

spectral density shifts from the Ω to the 2Ω component and at the highest B1 fields the 

Fourier transform is dominated by the 2Ω component. A double frequency component in 

the Rabi oscillation occurs when both spins in the pair are manipulated by the microwave 

pulse and oscillate simultaneously under the B1 field.[30, 41, 53] A double frequency 

component is expected under two scenarios,[39, 53] 

1. Weak exchange coupling and non-selective excitation ( G & ñ¬ & �,B) 

2. Strong exchange coupling  (ñ¬ ≪ G)  



5-25 
 

where ñ¬ is the difference between the Larmor frequencies of the two spins in the pair 

and G is the exchange coupling constant. These scenarios can be distinguished by the 

behaviour of the intensity of the Ω and 2Ω components as ,B is increased.  

 

Figure 5.17 Plot of the Fourier transform of the Rabi oscillation as a function of B1 field strength. 

When exchange coupling is strong (scenario 2) the singlet and triplet manifolds in the 

spin pair are decoupled. At resonance microwaves promote transitions between the three 

triplet levels at a frequency of 2Ω. The magnitude of the 2Ω component in this case is 

independent of B1 and always larger than the Ω component.  

When exchange coupling is weak (scenario 1) the action of the microwave pulse depends 

on the strength of B1. At low B1 the excitation bandwidth of the microwave pulse is 

narrow and only one spin in the pair is rotated during the pulse, and oscillation between 

the singlet and triplet states occurs at Ω. As ,B is increased the excitation bandwidth 

broadens and both spins in the pair can be rotated simultaneously. This effectively 

decouples the singlet and triplet manifolds as the spins are now locked to triplet state, and 

oscillations will occur between the three triplet levels at 2Ω. It can be seen from Figure 

5.17 that the magnitude of the 2Ω component is weak at low ,B and increases in strength 

with increasing ,B, hence the exchange coupling is weak. This spin-locking at high ,B 
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can also be seen by observing the change in pEDMR lineshape and Rabi frequency as a 

function of static magnetic field (,�).  

The Fourier transform of a field swept Rabi oscillation experiment is shown in Figure 

5.18. It can be seen that the 2Ω component is only present in the centre of the spectrum 

where the overlap of the distributions of the two spins in the pair is greatest. This supports 

the assignment of weak coupling as the spins only precess together in the centre of the 

spectrum when they can both be simultaneously excited. 

 

Figure 5.18 Plot of the Fourier transform of the Rabi oscillation as a function of Bo field position. 

A similar effect is seen when looking at the change in lineshape of the pEDMR spectrum 

as B1 is increased. Time slices of the 9.8 GHz pEDMR transient at three values of B1 are 

shown in Figure 5.19. At low B1 (green) the EDMR transient is composed of a single 

sharp peak. As the B1 field strength is increased the FWHM of the spectrum increases 

due to power broadening and a dip appears in the centre of the spectrum. This central dip 

is due to the increasing magnitude of the central 2Ω component seen in Figure 5.18 as B1 

is increased.  The dip arises because spin-locking impedes the conversion of triplet spin 

pairs to singlet pairs and the magnitude of the EDMR response is proportional to this 
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conversion. The EDMR response is therefore quenched when spin-locking occurs, giving 

rise to central dip in the spectrum. 

 

Figure 5.19 Time slice of the 9.8 GHz pEDMR transient at three B1 field strengths. 

The Rabi data shown thus far has all been at 9.8 GHz. At 9.8 GHz the low field 

distribution centred on 2.0038(3) severely overlaps with the spin-pair distributions and 

may contribute to the Rabi oscillations. However its time averaged intensity is 

significantly weaker than that of the spin-pair and the influence should be minimal. In 

order to further explore the origin of the 2.0038(3) Rabi Oscillation experiments were 

attempted at 34 and 94 GHz, however neither were successful. This was likely a 

combination of poor B1 inhomogeneity and weaker B1 field strength in these higher 

frequency measurements. 

5.5.8 Selective Injection of Carriers 

So far it has been shown that the EDMR response of degraded PTB7:PC71BM solar cells 

is primarily composed of two weakly interacting spin ½ species forming a spin pair. 

While the decrease of the photocurrent at resonance is compatible with a recombination 

mechanism in the intermediate pair model it is not conclusive. It has been shown spin-

dependent transport and recombination can both give rise to enhancing or quenching 

EDMR responses.[30, 43] The sign of EDMR response therefore cannot be used to 

unambiguously assign the underlying mechanism and the two spin ½ species forming the 

spin pair could equally be two like charged species involved in a transport process or an  
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Figure 5.20 Electrode configurations of PTB7:PC71BM cells. 

electron and hole undergoing recombination. One method to determine which of these 

scenarios is taking place is selective injection of charge carriers. In order to control the 

injection of carriers, three types of PTB7:PC71BM cell were fabricated with different 

choices of anode and cathode, the structures of which are shown in Figure 5.20. The 

reference configuration, which was used during the previous measurements in this 

chapter, uses a calcium / aluminium cathode and a PEDOT:PSS / ITO anode. The Fermi 

levels of various electrodes and the HOMO and LUMO levels of PTB7 and PC71BM are 

shown in Figure 5.21. As the Fermi level of a calcium cathode is higher (less negative) 

than the LUMO of PC71BM an Ohmic contact is formed due to Fermi level pinning (see 

Section 2.2.6), allowing efficient electron injection. At the anode, the work function of 

PEDOT:PSS is about equal to the HOMO of PTB7 resulting in an approximately ohmic 

contact and efficient hole injection. When this cell structure is placed under forward bias 

(PEDOT:PSS biased positively and calcium negatively) there will therefore be efficient 

injection of both electrons and holes into the cell and the current will be ambipolar. 

The Fermi level of gold is ~1 eV lower (more negative) than the LUMO of PC71BM. 

Using gold as the cathode will therefore result in large energetic barrier for electron 

injection. When a cell using PEDOT:PSS as the anode and gold as the cathode is placed 

under forward bias, the current will be dominated by holes.  To create an electron rich 

cell the calcium and PEDOT:PSS interlayers were replaced by a thin (~1 nm) layer of 

lithium fluoride. Lithium fluoride functions differently from the other electrode materials 

mentioned, in that it modifies the energy level alignment of the materials it is located 

between. Lithium fluoride preferentially aligns so that the F- points towards the electrode 

surface while the Li+ points towards the organic, creating an interface dipole that raises 

the effective Fermi level of the electrode.[54] Placing a layer of lithium fluoride under the  
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Figure 5.21 Energy levels and electrode Fermi levels.[55-58] 

aluminium raises the effective Fermi level of the aluminium by over 1 eV allowing an 

ohmic contact to be formed to the LUMO of PC71BM.[59] Similarly the lithium fluoride 

layer will raise the effective Fermi level of the ITO electrode resulting in a large energy 

separation between the ITO and the HOMO of the PTB7 which results in a large energetic 

barrier for hole injection. Therefore when this structure is placed under forward bias the 

majority carrier in the cell will be electrons. 

If the EDMR mechanism is due to the recombination of electrons and holes the EDMR 

response of a cell will be greatest when both carriers are present in equal numbers. If the 

carriers are not present equally the generation rate of the spin-pairs and therefore the 

magnitude of the EDMR response will be determined by the minority carrier generation 

rate. The nature of the EDMR mechanism can therefore be elucidated by measuring the 

EDMR response of the ambipolar, electron rich and hole rich cells. The cwEDMR 

spectrum of the three cell types were each recorded under two conditions; at short circuit 

under illumination and under forward bias in the dark. The results are shown in Figure 

5.22.  When the charge carriers are photogenerated there will be an equal number of 

electrons and holes created in the cell and photogenerated spectra therefore act as a useful 

reference where both charge carriers must be present in equal numbers. The light intensity 

and forward bias voltage were adjusted so that current through the cells was 20 μA, for 

photogeneration and injection spectra respectively. Looking at Figure 5.22 it can be seen 

that in the case of the ambipolar cell the magnitude of the photogenerated and injection 

spectra are approximately equal in magnitude. Contrast this with the electron and hole 

rich cells where the injection spectra are weaker by around a factor 10 compared to the 

photogenerated spectra.  As the magnitude of the EDMR response is greatest when the 

charge carriers are photogenerated or through ambipolar injection, the primary EDMR 
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mechanism must involve both electrons and holes. It can therefore be concluded that the 

two weakly coupled spin ½ species identified previously are electrons and holes 

undergoing recombination. 

 

 

Figure 5.22 Comparison of photogenerated (red) and injected (black) degraded PTB7:PC71BM 9.8 GHz 

cwEDMR spectra using different electrode configurations. For each electrode configuration the photogenerated 

and injection spectra have been normalised to the height of the photogenerated spectrum. The spectra were 

acquired under high (200 mW) microwave power and large modulation amplitude to achieve acceptable signal 

to noise ratio for all spectra. This results in power broadening and smoothing of the sharper features. 

 

5.5.9 An Aside: Lineshape of the Injection Spectra 

It is clear from Figure 5.22 that the lineshape of the injected and photogenerated 

ambipolar spectra is not equivalent. This can be more clearly seen in Figure 5.23 where 

the injected and photogenerated spectra have been normalised. Figure 5.23 shows that 

when the charge carriers in the ambipolar and electron rich cells are created by injection 

there is a substantial increase in spectral density on the low field side of the spectrum. In 

contrast the photogenerated and injection spectra for the hole rich cell are approximately 

equivalent.  
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Figure 5.23 Normalised comparison of photogenerated (red) and injected (black) degraded PTB7:PC71BM 9.8 

GHz cwEDMR spectra using different electrode configurations.  

To further investigate the source of this lineshape change, spectra of the ambipolar cell 

were recorded using different injection voltages and microwave powers and a small 

selection of these spectra are shown in Figure 5.24. The spectra can be roughly simulated 

by including two additional distributions centred at 2.0037(3) (magenta) and 2.0074(2) 

(orange) with FWHM of 1.02(5) mT and 0.35(3) mT and Voigtian and Gaussian 

lineshapes respectively. These distributions are additional to the spin pair and associated 

satellites previously introduced, which are shown collectively in blue. The distribution 

centred on 2.0037(3) has similar g-factor and linewidth to the short lived distribution 

observed in the pEDMR transient and in the cwEDMR at high microwave power at g = 

2.0038(3). It is highly likely that all three correspond to the same species and will 

therefore be named as 2.0038(3) from hereon. The distribution centred on 2.0074(2) 

appears to be unique to the injection spectra or is only present with a very low intensity 

when the carriers are photogenerated. This indicates that injection of the carriers likely 

leads to additional spin dependent mechanisms. It can be seen from Figure 5.24 that the 

relative intensity of the 2.0074(2) and 2.0037(3) distributions increases with respect to 

the spin-pair as the forward bias voltage is increased. It is difficult to draw a conclusion 

from this observation as the behaviour of the injection electrodes as a function of voltage 
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is not known. It is likely that changing the bias voltage perturbs the electron and hole 

injection balance and alters the relative population of electrons and holes in the cell. The 

fact that the balance is not perfect, i.e the electrodes are not both perfectly ohmic, is 

supported by the fact that the ambipolar injection spectrum is marginally less intense than 

the photogenerated in Figure 5.22. Ultimately the minor variation in relative intensity 

between the spin-pair and the 2.0038(3) distribution with injection voltage and electrode 

choice is insignificant. Instead the main insight is that Figure 5.22 shows that the 

mechanism involving the 2.0038(3) distribution must also require both electrons and 

holes, as the 2.0038(3) distribution is heavily suppressed in the hole rich and electron rich 

injection spectra. The 2.0038(3) distribution therefore also corresponds to a 

recombination mechanism.  

 

Figure 5.24 Comparison of EDMR spectra of ambipolar PTB7:PC71BM cells recorded using different injection 

voltages and microwave powers. Experimental spectra are shown in black, the total simulation in red, the spin-

pair in blue and the injection induced features in magenta and orange. 

 

5.5.10 Single Component Cells 

The EDMR response has shown to be comprised of electrons and holes undergoing 

recombination. However the measurements so far have offered no insight into the location 

of the electrons and holes involved in the EDMR mechanism inside the cell. In order to 
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elucidate the location of the spins, cells containing the individual components of the 

blend, PTB7 and PC71BM, were fabricated. 

PC71BM 

The cwEDMR spectrum of an air exposed PC71BM cell is shown in Figure 5.25. The 

spectrum can be accurately simulated using two Gaussian distributions centred on 

2.0025(2) (green) and 2.0028(2) (blue) with FWHM of 0.38(2) and 1.00(2) mT, 

respectively. In contrast to the double Gaussian fits used earlier in this chapter the 

integrated intensities of Gaussian distributions used here are not equal. The two Gaussians 

therefore do not simply correspond to the two members of a spin pair, but instead likely 

belong to two independent transitions. Similar spectra containing two Gaussian 

distributions with different weights have been observed in air exposed films of PC61BM 

by Morishita et al.[34] 

 

Figure 5.25 9.8 GHz cwEDMR spectrum of air exposed PC71BM. The charge carriers were generated using a 

forward bias of 1.6 V to give a current of 20 μA. 

The variation of the cwEDMR spectrum when PC71BM films are exposed to air during 

fabrication is shown in Figure 5.26 When PC71BM films are exposed to air during 

processing the magnitude of the cwEDMR spectrum increases by around a factor 6. This 

demonstrates that PC71BM films are sensitive to ambient atmosphere, and the room 

temperature cwEDMR response of PC71BM cells is therefore due to a spin dependent 

process that occurs at ambient atmosphere induced defects. Fullerenes are well known to 

be susceptible to oxidation, and a variety of fullerene oxygen complexes have been 
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reported.[60-62]The g-factors observed here of 2.0025(2)/28(2) are similar to the previous 

air exposed PC61BM EDMR study with g = 2.0030(2),[34] and EPR studies on oxygen 

exposed C60 films which reported fullerene oxygen complexes at g = 2.0026(3).[63-65] The 

air exposed cwEDMR spectrum of PC71BM is therefore attributed to charge carriers 

located at oxidised PC71BM. It is also clear from Figure 5.26 that the lineshape of the two 

red curves is not equivalent. This is further evidence of multiple independent spin-

dependent processes occurring in the cell. Different samples have different populations 

of spin centres contributing to each process which alters the lineshape. The inert and air 

processed PC71BM cells used to obtain Figure 5.26 did not contain the solvent additive 

DIO. In section 5.5.2 it was shown that exposure of DIO containing PTB7:PC71BM films 

to ambient atmosphere during processing resulted in factor of 50 enhancement of the 

cwEDMR signal. In contrast the cwEDMR spectrum of PTB7:PC71BM films fabricated 

without DIO were insensitive to the choice of processing environment, leading to the 

conclusion that DIO is a crucial agent in the degradation process. An effort was therefore 

made to investigate the role that DIO plays in the degradation of neat PC71BM cells.  

 

Figure 5.26 cwEDMR spectrum of PC71BM at 9.8 GHz. The charge carriers were generated using a forward 

bias of 1.6 V to give a current of 20 μA. Spectra of inert processed films are shown in black and air exposed films 

in red. 

Numerous attempts were made to fabricate PC71BM films containing DIO as a solvent 

additive. However it was found that even a small volume of DIO severely hinders the film 

formation of PC71BM. Using the standard 3% by volume of DIO, no continuous film of 

PC71BM was formed after spin coating. When the DIO concentration was reduced to 1 % 
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a continuous film was able to be formed, however the films contained pin holes which 

grew in size over a period of several minutes and rendered the films unusable. A stable 

PC71BM film could only be formed when the DIO concentration was reduced to 0.3 %. 

cwEDMR spectra of air exposed 0.3 % DIO and 0.0 % DIO PC71BM cells were measured 

but no difference in the cwEDMR spectra could be observed. This result is not surprising 

at such low DIO concentrations as very little DIO is in each film. Due to the low 

concentration it is not safe to draw a conclusion on the effect that DIO has on the EDMR 

response of PC71BM. To summarise, it can be concluded that the EDMR response of 

PC71BM is driven by exposure to oxygen. However it was not possible to determine if the 

addition of DIO would accelerate this degradation due to the poor film formation. 

PTB7 

The cwEDMR spectrum of an air exposed PTB7 cell is shown in Figure 5.27. The 

spectrum can be simulated with reasonable accuracy using a pseudo-Voight distribution 

centred on 2.0037(2) with a FWHM of 1.35(2) mT. The simulation captures the bulk 

lineshape but it is clear from Figure 5.27 that it does not reproduce the finer detail of the 

experimental spectrum. The fine structure and pseudo-Voight lineshape of the spectrum 

suggests that it is composed of multiple overlapping transitions, likely corresponding to 

multiple independent spin dependent processes in the cell. 

 

Figure 5.27 cwEDMR of PTB7 at 9.8 GHz. The charge carriers were generated using a forward bias of 1.7 V to 

give a current of 50 μA . The experimental spectrum is shown in black and the simulation in red. 
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The effect of ambient atmosphere on the cwEDMR spectrum of PTB7 cells is shown in 

Figure 5.28. The cells were fabricated using DIO as the additive and exposed to ambient 

atmosphere during fabrication in similar manner to the blend. It can be seen from Figure 

5.28 that exposure of the PTB7 films to ambient atmosphere has little effect on the 

cwEDMR of the cells, with the lineshape and magnitude of the pristine and air exposed 

cells being approximately equal. This suggests that exposure of PTB7 to ambient 

atmosphere does not lead to the formation of electrically active defects inside the cell. 

 

Figure 5.28 cwEDMR of PTB7 at 9.8 GHz. The charge carriers were generated using a forward bias of 1.2 to 

1.5 V to give a current of 20 μA. Spectra of inert processed films are shown in black and air exposed in red. 

During the course of this investigation several different material batches of PTB7 were 

used. In Figure 5.29 a normalised comparison of the cwEDMR spectrum of these different 

PTB7 batches is shown. It can be seen from Figure 5.29 that while the cwEDMR spectra 

of the different PTB7 batches have the approximately the same g-factor and overall 

linewidth, there is substantial variation in their lineshape, despite the fact the PTB7 used 

is nominally equivalent. The variation of the lineshape with PTB7 batch suggests that the 

room temperature cwEDMR response of PTB7 arises wholly or partially from pre-

existing defects in the PTB7 such as synthesis impurities. The different batches of PTB7 

likely have different concentrations and differing types of defects, giving rise to a 

variation in the intensity of overlapping EDMR transitions which manifests as changes in 

lineshape. This observation is in agreement with previous EPR studies of PTB7 which  
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Figure 5.29 cwEDMR of PTB7 at 9.8 GHz.  The charge carriers were generated using a forward bias of 1.5 - 1.7 

V. The three colours correspond to three different batches of PTB7 used over the course of the investigation.  

showed that the number of paramagnetic defects on the PTB7 varies with the molecular 

weight of the polymer batch.[29] A build-up of similar paramagnetic defects were also 

detected when films of PTB7 were exposed to light for extended periods of time.[66] While 

this does not impact the results of this study, caution should be used when interpreting 

the EDMR spectrum of organic semiconductors, as the EDMR resonance may correspond 

to a minority process occurring on a defect site rather than the majority processes in the 

pristine material. 

5.5.11 Location of the Recombination Sites in the blend 

The Spin Pair at g = 2.0022(2) / 2.0026(2) 

A comparison of the cwEDMR lineshape of PC71BM, PTB7 and the blend is shown in 

Figure 5.30.  The spectrum of PTB7 and the blend are highly dissimilar, with the spectrum 

of PTB7 being substantially broader and at a higher g-factor than the spin-pair resonance 

of the blend. The spectral dissimilarity leads to the conclusion that the spin-pair in the 

blend does not involve charge carriers localised at PTB7 defect sites. In contrast the 

cwEDMR spectra of PC71BM and the spin-pair in the blend contain similar Gaussian 

distributions with centres of 2.0025(2) and 2.0026(2), and FWHM of 0.38(2) mT and 

0.40(2) mT, respectively. The near equivalence of these Gaussian distributions in both g-

factor and linewidth is strongly suggestive that both distributions correspond to the same  
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Figure 5.30 cwEDMR spectra of air exposed PC71BM, PTB7:PC71BM and PTB7 at 9.8 GHz.  The charge carriers 

in PTB7 and PC71BM were generated by injection under forward bias while carriers in the PTB7:PC71BM were 

photogenerated. 

species in the cell. It can therefore be concluded that the 2.0026(2) component of the spin-

pair in the blend corresponds to either electrons or holes located on PC71BM. 

Based on the above assignment and the previous establishment that the spin-pair 

corresponds to recombination; there are three possible recombination mechanisms. These 

three mechanisms are: (1) the electron and hole are both located on the PC71BM, (2) 

electrons are on the PTB7 and holes are on the PC71BM, and (3) holes are on PTB7 and 

electrons on PC71BM. Energetically mechanism 1 and 2 are unlikely to occur as the 

charge carriers originate from photoexcited excitons. After an exciton reaches the donor 

/ acceptor interface and undergoes electron transfer, the electron is on the LUMO of 

PC71BM and the hole on the HOMO of PTB7. The likelihood of holes then hopping from 

the HOMO of the PTB7 to the HOMO of the PC71BM can be inferred from Boltzmann 

statistics. The relative population of two states at thermal equilibrium can be calculated 

using:  

 H�HB = �òóAòô�Æ@  (5.8) 
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where P is the population of the state and E is the energy. From Figure 5.21 the HOMO 

of PTB7 is 600 meV above the HOMO of PC71BM and kT at room temperature is 

approximately 26 meV. Using Eq 5.8 the population of holes on PC71BM is a factor of          

1 x 10-10 fewer than on PTB7. The hopping of electrons from the LUMO of PC71BM to 

the LUMO of PTB7 is supressed in a similar manner. As the spin dependent component 

of the photocurrent is at least 1 x 10-3, the small number of carriers that may hop to the 

opposite phase cannot be responsible for the EDMR signal. Mechanisms 1 and 2 can 

therefore be ruled out. The 2.0022(2) distribution of the spin-pair can therefore be 

assigned to holes on PTB7. 

In section 5.5.2 it was shown that the magnitude of the of the EDMR response of the 

blend increased by a factor of 50 when processed under ambient atmosphere in the 

presence of DIO. One of the partners in the spin-pair must therefore be localised to a 

defect that was created upon exposure to ambient atmosphere. In Figures 5.28 and 5.29 it 

was shown that EDMR response of neat PTB7 is not affected by exposure to ambient 

atmosphere but instead is influenced by the batch of PTB7 used. In contrast it was shown 

in Figure 5.26 that exposure to ambient atmosphere increases the EDMR magnitude of 

PC71BM cells by a factor of 6 and the g-factor is consistent with oxidised PC71BM.  It is 

therefore concluded that the 2.0026(2) component of the spin-pair corresponds to 

electrons localised to oxidised PC71BM. This assignment is consistent with reports that 

oxidation of the fullerene results in a lowering of the LUMO energy and the oxidised 

species can serve as electron trapping sites.[67] It is also in agreement to the work of Lee 

et al.,[22] who found that exposure of PTB7:PC71BM films to both DIO and oxygen leads 

to epoxy group formation on the PC71BM which could serve as a trap site. In summary 

the spin-pair signal in the blend is assigned to the recombination of trapped electrons 

located on oxidised PC71BM (2.0026(2)) with mobile holes located on the PTB7 

(2.0022(2)). 

One discrepancy with the above assignment is the difference in g-factors obtained here to 

those previously reported for holes and electrons on PTB7 and PC71BM using EPR 

spectroscopy.[36, 37] The reported giso of electrons on PC71BM is ~2.0036.[36, 37] While this 

is substantially different from the value of 2.0026(2) reported here this is not surprising 

if the electron is trapped on a oxidised fullerene cage. Modification of the fullerene cage 
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would result in different electron distribution and spin orbit coupling and therefore a 

different g-factor to electrons on ‘pristine’ PC71BM is to be expected.  

The g-factor obtained here of 2.0022(2) for holes on PTB7 is also different to the previous 

EPR report which found a g-factor of giso = 2.0033 (gx = 2.0045, gx = 2.0031,                            

gx = 2.0023).[36] The origin of the difference between these values is not so clear. A similar 

discrepancy in g-factor was recently observed by Behrends et al. in their comparative 

EDMR and EPR study of  P3HT:PC61BM blends.[68] In the EPR spectra the electron on 

PC61BM has the distinctive axial g-tensor while the simulation of the electron on PC61BM 

in the EDMR spectrum required an isotropic distribution centred on the gz value of the 

EPR g-tensor.  The difference between the EPR and EDMR spectra is yet not fully 

understood but may be due to the relative orientation of the polymer and fullerene 

molecules inside the film. A similar effect may be present here where the PTB7 value is 

centred on gz component of the tensor. Another explanation is that the proximity of the 

hole to the trapped electron on the defect perturbs its local environment and g-factor.  

The Broad Resonance at g = 2.0038(3)  

As discussed previously the EDMR spectrum of the blend contains an additional broad 

resonance centred on 2.0038(3) with a FWHM of 1.1(1) mT that corresponds to a second 

independent transition in the blend. This resonance is highly similar in both g-factor and 

linewidth to the resonance of the PTB7 cells, namely 2.0037(2) with a FWHM of 1.35(2) 

mT. This similarity strongly suggests that the 2.0038(3) transition in the blend involves 

carriers on the PTB7. Like the spin pair above, the 2.0038(3) resonance is only present 

after the blend has been exposed to DIO and ambient atmosphere indicating that the 

underlying transition involves carriers localised to defect sites. In Figure 5.29 it was 

shown that EDMR spectrum of neat PTB7 films is dependent on the batch of PTB7 used, 

indicating that neat PTB7 resonance is wholly or partly due to defects on the PTB7. Based 

on the growth of the 2.0038(3) resonance when exposed to ambient atmosphere and the 

variation of the neat PTB7 spectrum with batch, the 2.0038(3) resonance is assigned to 

carriers trapped at defects on the PTB7. Under the spin-pair mechanism an EDMR 

transition should consist of two resonances. One possibility is that the 2.0038(3) 

distribution is a convolution of both resonances. Alternatively, the spin-pair partner may 

not observable by EDMR, for example being too broad to be excited and detected in 
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EDMR. Due to the lack of information no mechanism can be definitively assigned. The 

most likely mechanism is recombination between holes trapped at defects on the PTB7 

(the 2.0038 resonance) with mobile electrons on the PC71BM which is unobservable or 

hidden in the baseline of the spectrum. It interesting that the EDMR response of neat 

PTB7 cells was insensitive to exposure to DIO and ambient atmosphere. In contrast when 

the blend is exposed to the same conditions there is a resonance involving defect sites on 

the PTB7. This suggests that PTB7 is more susceptible to degradation when blended than 

when a neat component. 

5.6 Conclusions 

The degradation of PTB7:PC71BM solar cells when exposed to ambient atmosphere was 

investigated using J-V characterisation and EDMR spectroscopy. When DIO containing 

PTB7:PC71BM cells are fabricated under ambient atmosphere the PCE drops from 6.1(3) 

% to 1.7(2) %. Using J-V analysis the origin of this performance loss was determined to 

be increased trap assisted recombination. To gain further insight into the origin of trap 

assisted recombination EDMR spectroscopy was employed. The EDMR response of 

PTB7:PC71BM is a factor of 50 greater in magnitude in cells fabricated using DIO under 

ambient atmosphere. This reveals that a strong spin dependent transition occurs in those 

cells which are exposed to both DIO and ambient atmosphere and is concomitant with the 

increased trap assisted recombination. The EDMR response is dominated by a spin-pair 

consisting of two Gaussian distributions centred on 2.0022(2) and 2.0026(2) and was 

determined to be weakly coupled electrons and holes undergoing recombination. Through 

comparison with neat component cells the recombination mechanism is assigned to 

electrons localised to traps on PC71BM and mobile holes on the PTB7. In addition, there 

is a weaker resonance arising from degradation of the PTB7. This result shows that 

exposing DIO cast films to ambient atmosphere leads to the formation of defects on the 

PC71BM which act as electron traps which results in increased recombination losses and 

lower PCE. The field should therefore move away from DIO towards more inert solvent 

additives in order to increase stability. 
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6 Polaron Electronic Structure, Charge Separation and 

Triplet Exciton Formation Pathways in All Molecular 

Solar Cells  

6.1 Introduction 

In this chapter steady state and time resolved EPR spectroscopy is used to investigate the 

polaron electronic structure, charge separation and triplet exciton formation pathways in 

the DTS family of small molecule solar cells. Using high frequency EPR the principal 

values of the g-tensors of the DTS molecules were determined for the first time. 

Comparison of the experimental values with those from DFT calculations and supporting 

ENDOR spectroscopy reveals that the positive polaron is delocalised over two to three 

units of the donor molecule which may lead to more efficient charge separation in these 

systems.  Using TR-EPR the variation of charge separation across the DTS family was 

investigated, which reveals that charge separation is slower in the [1,2,5]thiadiazolo[3,4-

c]pyridine donor blend compared with the fluorobenzothiadiazole donor blends. The 

slower charge separation in the [1,2,5]thiadiazolo[3,4-c]pyridine blend is accompanied 

by a higher population of triplet excitons formed by back electron transfer from the triplet 

polaron pair. This finding demonstrates that back electron transfer to the triplet of the 

donor is a loss mechanism in these molecular systems when charge separation is slow. 

All experimental work presented in this chapter was undertaken at Argonne National 

Laboratory. The 9.8 GHz LEPR, ENDOR and TR-EPR measurements of DTS(FBTTh2), 

DTG(F2BTTh2) and DTS(PTTh2)2 were obtained during my visit to ANL, where the 

sample preparation and EPR spectroscopy was jointly undertaken by Dr. Jens Niklas, Dr. 

Oleg Poluektov and myself. The 9.8 GHz EPR spectroscopy of DTS(F2BTTh2) and 

DTG(FBTTh2) was carried out at a later date by Dr. Jens Niklas. The 130 GHz spectra 

were measured by Dr. Oleg Poluektov. The data processing, spectral fitting, and analysis 

of all experimental data was performed by me and is therefore included in this chapter. 

The work was also supported by DFT calculations undertaken by the group of Prof. Kirsty 

Mardis at Chicago State University. This chapter forms the basis of the paper “Charge 

Separation and Triplet Exciton Formation Pathways in Small Molecule Solar Cells as 

Studied by Time-resolved EPR Spectroscopy”[1]. 
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6.2 Background 

Since the introduction of the bulk introduction concept,[2] the field of organic 

photovoltaics has been dominated by blends of conjugated polymer donors with a 

fullerene based acceptor. Replacing the conjugated polymer donor with a small molecule 

has received increasing interest over the last decade.[3] Switching from polymeric to small 

molecule donors is desired as they offer several potential advantages. Synthetically small 

molecules have a simpler work-up and are easier to purify than polymers which could 

reduce costs.[3, 4]They have reduced batch to batch variation which enables the fabrication 

OPV cells with more reproducible performance.[3] Furthermore they have well defined 

molecular structures which enable better energy level control and allow structure property 

relationships to be more easily established.[5, 6] The efficiency of all molecular OPV cells 

has increased rapidly with PCEs of 8-10 % now being routinely achieved.[3, 5, 7, 8] The 

charge separation and electronic excited states in these molecular systems have received 

far less attention than their polymeric counterparts, particularly from an EPR perspective. 

We therefore employed EPR spectroscopy combined with DFT calculations to explore 

the electronic states and charge separation dynamics in a blend of the DTS family of 

donors with PC61BM. The DTS family has achieved widespread success with reported 

PCEs ranging from 6.7 to 8.3 % across the family. [9, 10] 

6.3 Materials 

6.3.1 DTS Family of Small Molecule Donors 

The DTS family of small molecule donors was developed by the Bazan group and are 

shown in Figure 6.1. The family utilises a donor/acceptor/donor/acceptor/donor 

framework which promotes intramolecular charge transfer and lowering of the bandgap, 

resulting in improved absorption characteristics. The central donor unit of the molecule 

is either a dithienosilole (DTS) or dithienogermole (DTG).  The acceptor groups are either 

[1,2,5]thiadiazolo[3,4-c]pyridine (PT) or fluorobenzothiadiazoles with one (FBT) or two 

(F2BT) fluorine electron withdrawing groups. Bithiophene units form the outer donors. 

DTS(PTTh2)2 was the first in the family and achieved an efficiency of 6.7 % when  
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Figure 6.1 DTS family of small molecule electron donors. 

blended with PC71BM.[9] This was followed DTS(FBTTh2)2 which replaced the PT 

acceptor units with FBT.[11] The replacement of PT with FBT made the cells more 

compatible with the popular interlayer PEDOT:PSS as the basic PT unit tended to react 

with the acidic PEDOT:PSS. It also improved the efficiency to 7.0 %, which has later 

been optimised to over 8 %.[10] An analogue of DTS(FBTTh2)2 was synthesised where the 

central silicon atom was replaced with germanium in the hopes that the increased C-Ge 

bond length would lead to better molecular ordering.[12] This did not prove to be true and 

DTG(FBTTh2)2 achieved slightly lower performance than DTS(FBTTh2)2.[12, 13] Two 

further analogues have been synthesised where an extra fluorine has been added to the 
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FBT groups in order to increase the electron withdrawing power, no cells using these 

analogues have been reported to date. All members of the DTS family used in this study 

were purchased from 1-Material and used without further purification. 

6.3.2 PC61BM 

 

Figure 6.2 PC61BM 

[6,6]-Phenyl-C61-butyric acid methyl ester (PC61BM) is a soluble fullerene derivative 

that has been extensively used as the electron acceptor in OPV cells and is the archetypical 

acceptor molecule. PC61BM was purchased from Sigma Aldrich (684449) had a purity of      

> 99.5 % and used without further purification. 

6.4 Experimental 

The donor molecule and PC61BM were dissolved in anhydrous chlorobenzene in a 3:2 

weight ratio to give a total concentration of 20 mg cm-3 inside a nitrogen drybox. For 

frozen solution samples, the solution was pipetted into quartz EPR tubes which were then 

sealed under nitrogen atmosphere using paraffin film and quickly transferred to 

spectrometer lab, while being kept in the dark, where they were flash frozen in liquid 

nitrogen. Film samples were prepared by pumping on the tube using a Schlenk line which 

slowly removed the solvent and left a thick film coating. The tubes were then sealed with 

paraffin film under a nitrogen atmosphere. 
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6.5 Results 

6.5.1 9.8 GHz LEPR of DTS(FBTTh2)2:PC61BM Blend 

To observe the electronic excited states in these materials light induced EPR (LEPR) was 

used. In a high performance OPV cells the donor molecules under study are normally 

blended with PC71BM due to its improved absorption coefficient compared with PC61BM. 

However it has been shown that the negative polaron on PC71BM spectrally overlaps with 

positive polaron of many common electron donors.[14, 15] The donors were therefore 

blended with PC61BM, which has a characteristically low g-factor compared with most 

organic radicals,[15] in order to avoid spectral overlap of the positive and negative polarons 

which would have greatly complicated the interpretation of the spectra. PC61BM is also a 

widely used acceptor in OPV cells with similar energy levels to PC71BM and it has been 

shown that the replacement of PC71BM by PC61BM does not change the behaviour of the 

positive polaron on the donor.[15] The results obtained in this study are therefore relevant 

to the blends used in high performance cells. 

A 3:2 DTS(FBTTh2)2:PC61BM solution was prepared in chlorobenzene and flash frozen 

in liquid nitrogen. The dark EPR spectrum is shown in Figure 6.3a and consists of several 

weak features centred close to g = ge. The dark spectrum likely arises from a small number 

of paramagnetic defect sites in the sample. The sample was then illuminated using a white 

light source. The light on EPR spectrum is shown in Figure 6.3b and is approximately a  

  

Figure 6.3 9.8 GHz EPR spectrum of DTS(FBTTh2)2:PC61BM in (a) the dark and (b) under illumination. Spectra 

were recorded at 50 K in a frozen chlorobenzene solution. 
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factor of 50 stronger than the dark.  

The spectrum was simulated using a broad low field component centred on g ≈ 2.0025 

(green) and a narrower high field line centred on g ≈ 1.9999 (blue) as shown in Figure 

6.4. The component centred on 2.0025 has a rhombic g-tensor while the    high field 

component is axially symmetric. Based on previous EPR studies of donor:fullerene 

blends the high field component can be definitively assigned to negative polarons (P-) 

residing on the PC61BM, and the low field component centred on 2.0025 must therefore 

correspond to positive polarons (P+) on the DTS(FBTTh2)2.[15-20] The integrated intensity  

  

 

Figure 6.4 9.8 GHz LEPR spectrum of DTS(FBTTh2)2:PC61BM in chlorobenzene solution. The dark spectrum 

was subtracted from the light on. The experimental spectrum is shown in black, the P+ sim in green, the P- sim 

in blue and the total simulation in red. 

of the P+ component is 40 % of the P-. This reduced intensity arises from the long spin 

lattice relaxation time of the donor which caused partial saturation of the P+ resonance. It 

can be seen from Figure 6.4 that there is an additional bump on the extreme low field side 

of the spectrum that is not replicated by the simulation. This bump cannot be 

accommodated by extending the anisotropy of the P+ g-tensor which suggests that it is a 

third independent component. This is supported by varying the microwave power as 

shown in Figure 6.5. At lower microwave power (blue) the height difference between the 

P+ peak and the extra peak is greater than higher power (red). The different scaling 

behaviour with microwave power suggests that they are independent and the extra bump 

belongs to a third component. This low field bump is therefore assigned to impurities in 
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the supplied donor material. This is based on the observation of similar shoulder features 

previously in PTB7 (J. Niklas, personal communication, April 2015). 

 

Figure 6.5 Influence of microwave power on the shoulder feature of the 9.8 GHz EPR spectrum of 

DTS(FBTTh2)2:PC61BM 

The illumination dynamics of the LEPR spectrum of DTS(FBTTh2)2:PC61BM is shown 

in Figure 6.6. When the sample is first exposed to light the EPR intensity initially 

increases rapidly before reaching a plateau over the course of several minutes. The height 

of the plateau is determined by the competition between charge generation and 

bimolecular recombination in the sample. When charge generation and bimolecular 

recombination are in equilibrium the charge carrier concentration in the sample will 

remain constant and the EPR intensity therefore plateaus. After the light is switched off 

there is an initial rapid decay over several seconds followed by a much longer decay 

lasting hours. These two decay regimes are attributed to shallow and deep energetic traps 

in the sample and have been observed previously.[21, 22] The charges in shallow traps are 

relatively mobile and therefore recombine bimolecularly (see Eq. 2.4) and are presumed 

responsible for the rapid decay. In contrast the charges in deep traps are immobile and 

recombination is expected to take place though a much slower tunnelling process which 

gives rise to the slow component in Figure 6.6.[23] No difference in lineshape was 

observed when measuring with light on (shallow and deep) and after light (deep only) 

and all spectra were therefore recorded with light on to improve signal to noise. 
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Figure 6.6 EPR Kinetics of DTS(FBTTh2)2:PC61BM at 50 K. Spectrum was recorded while sitting at the 

maximum of the spectrum. 

Film samples of DTS(FBTTh2)2:PC61BM were also prepared. A comparison of the 

solution and film EPR spectrum recorded under the same experimental conditions is 

shown in Figure 6.7. The EPR spectrum of the film (red) and the frozen solution (blue) 

samples are similar. The only notable difference is in the width of the P- component, 

which is narrower in the film. This is due to the fact that when in frozen solution the 

spectrum of P- is broadened by weak coupling to 1H on the solvent molecules and a 

shifting of the gz value which is known to be very sensitive to the local environment.[24]  

 

Figure 6.7 Comparison of solution and film 9.8 GHz EPR spectrum of DTS(FBTTh2)2:PC61BM. The solution 

spectrum is shown in blue and the film in red. Both spectra were recorded at 50 K using the same experimental 

conditions. 
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6.5.2 9.8 GHz LEPR of donor:PC61BM Blends 

LEPR spectra of the other four donor materials blended with PC61BM were also measured 

in both solution and film.  In all cases a strong light induced EPR signal was detected 

consisting of a broad low field component centred around g = 2.0025 corresponding to 

P+ on the donor and the narrow high field signal of P- on PC61BM. The film and solution 

 

 

Figure 6.8 9.8 GHz LEPR spectra of dithienosilole and dithienogermole based donors blended with PC61BM in 

frozen chlorobenzene solution at T = 50 K. The experimental spectra (black) are shown alongside theoretical 

simulations of the positive polaron residing on the donor (green), negative polaron on the PC61BM (blue) and 

the superposition of both (red). Spectra were corrected to account for small differences in microwave frequency. 
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samples of the various blends all exhibited similar spectra and behaviour to the previously 

discussed DTS(FBTTh2)2:PC61BM. The LEPR spectra of the five blends are shown in 

Figure 6.8 alongside their theoretical simulation. The four fluorobenzothiadiazole (FBT 

and F2BT) appear to be almost identical within the limited resolution of 9.8 GHz LEPR. 

The DTS(PTTh2)2 spectrum is similar but it can be seen that the P+ component is 

noticeably broader than the other four. In order to gain further information about the 

electronic structure of the P+ on each donor, high field 130 GHz spectra were taken.  

6.5.3 130 GHz LEPR of donor: PC61BM 

The 130 GHz LEPR spectra of the five donors blended with PC61BM are shown in Figure 

6.9. At 130 GHz the P+ and P- components no longer overlap making the spectral fitting 

more reliable. Furthermore it can be seen that the anisotropy in the P+ g-tensor is resolved 

allowing the principal values of the g-tensor to be determined.  The P- on PC61BM was 

essentially invariant across the five blends and could be accurately simulated using a 

nearly axial g-tensor with principal values of gx = 2.0006, gy = 2.0004, gz= 1.9989; 

although the high degree of g-strain makes the gz component difficult to determine 

accurately. These principal values are in good agreement to those previously reported in 

other donor:PC61BM systems.[14, 15, 17, 20, 24] The principal values of the g-tensors of P+ on 

the five donor molecules are summarised in Table 1. All donors exhibit a rhombic g-

tensor with three clearly distinguished principal values. Looking at Table 6.1 it can be 

seen that the g-tensor is similar across the four fluorobenzothiadiazole donors. The 

replacement of silicon with germanium only induces a small shift (0.0002/3) in gy to 

higher values. The insensitivity of the g-tensor to the replacement of silicon with 

 

Table 6.1 Principal values of the polaron g-tensors. The relative error in the principal values is ±0.0002. The 

error in the gz component of PC61BM- is larger, ±0.0004, due to the high g-strain. 

Polaron gx gy gz
 

DTS(FBTTh2)2
+ 2.0035 2.0024 2.0017 

DTS(F2BTTh2)2
+ 2.0035 2.0023 2.0016 

DTG(FBTTh2)2
+ 2.0034 2.0026 2.0016 

DTG(F2BTTh2)2
+ 2.0034 2.0027 2.0016 

DTS(PTTh2)2
+ 2.0034 2.0024 2.0020 

PC61BM- 2.0006 2.0004 1.9989 
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Figure 6.9 130 GHz LEPR spectra of dithienosilole and dithienogermole based donors blended with PC61BM in 

frozen chlorobenzene solution at T = 50 K. The experimental spectra (black) are shown alongside theoretical 

simulations of the positive polaron residing on the donor (green), negative polaron on the PC61BM (blue) and 

the superposition of both (red). Spectra were corrected to account for small differences in microwave frequency. 

The experimental spectra were pseudo modulated to give a first derivative lineshape. 

germanium shows that the choice of central heteroatom has little influence on the 

electronic properties of the molecule. Similarly, the replacement of the FBT electron 

withdrawing group with F2BT has no influence on the g-tensor. Comparing the g-tensor 

of DTS(PTTh2)2 to the fluorobenzothiadiazoles, it can be seen that DTS(PTTh2)2 is 

marginally less anisotropic with a  higher gz component of 2.0020.   
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6.5.4 ENDOR of DTS(FBTTh2)2:PC61BM 

The strength of the hyperfine interaction (hf) between the polaron and magnetic nuclei in 

the sample provides useful information on the extent of polaron delocalisation over the 

molecule. A more localised polaron will result in larger hf-coupling strengths. The 

magnetic nuclei present, in sufficient natural abundance, in the donor molecules under 

study are 1H, 14N and 19F. The hyperfine couplings of P+ to magnetic nuclei are not 

resolved in the 9.8 GHz and 130 GHz LEPR spectra and pulsed ENDOR spectroscopy 

was therefore used to measure the hf-coupling strength.  

The ENDOR spectra of P+ and P- of DTS(FBTTh2)2:PC61BM in frozen solution is shown 

in Figure 6.10.  The ENDOR spectra were taken at two magnetic field positions, 

corresponding to the maxima of the P+ and P- components of the field swept echo 

spectrum as shown in the inset of Figure 6.10.  The ENDOR spectra are centred on the 

proton Larmor frequency which is 14.8 MHz at ~ 347 mT. The spectrum taken at the P+ 

field position consists of two broad overlapping peaks with a sharp peak in the centre. 

The two broad peaks correspond to hyperfine coupling to the P+. The central peak is due 

to hyperfine coupling to P- and arises because the excitation width of the pulses in the 

ENDOR sequence is broad enough to excite a small number of P-. Reciprocally the P- 

ENDOR spectrum is dominated by a sharp central peak and weaker broad wings for the 

reverse reason.  

It can be seen that the P+ ENDOR spectrum is asymmetric with more spectral density on 

the low frequency side. This asymmetry arises from coupling to 19F which has a Larmor 

frequency of 13.9 MHz at 347 mT. The coupling to 19F suggests that some spin density 

is delocalised over the fluorines. The P+ was recorded using Mims and Davies pulse 

sequences (See Section 4.3.3). The Mims sequence has substantially better signal to noise 

than Davies but suffers from periodic blind spots which might obscure larger couplings. 

A low resolution Davies spectrum was therefore taken to check the linewidth. The Mims 

and Davies spectra have similar lineshapes and both give the same 1H linewidth. The 19F 

coupling is more pronounced in the Davies spectrum as can be seen by the more obvious 

low frequency shoulder, but it is the same width. No coupling to 14N was detected. 
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Figure 6.10 Light induced 9.8 GHz ENDOR spectra of DTS(FBTTh2)2:PC61BM in frozen chlorobenzene solution 

at   T = 50 K. The arrows in the main figure mark the Larmor frequency of 1H and 19F at a magnetic field of 347 

mT. The top inset shows the field swept echo spectrum and the positions where the ENDOR spectra were 

recorded. 

The polaron delocalisation and distribution is best estimated using the coupling to 1H. As 

explained in Section 3.3 the hyperfine interaction is composed of two parts; an isotropic 

contact interaction and an anisotropic part due to dipolar coupling. The dipolar coupling 

to 1H in these systems is generally small and the width and shape of the spectrum can be 

described through the isotropic interaction. The greater the polaron spin density at a given 

magnetic nucleus the greater the strength of the isotropic hyperfine coupling to that 

nucleus. Increasing polaron delocalisation decreases the spin density at each nucleus, 

reducing the isotropic coupling. Increasing polaron delocalisation therefore lowers the 

largest detected hf-coupling which corresponds to a narrowing of the ENDOR spectrum. 

To avoid the contribution from 19F the strength of the 1H coupling is best estimated using 

the distance from the centre of the spectrum to the high frequency side at half maximum, 
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and then doubling that value to give the FWHM.  Using this definition the 1H coupling 

has an associated FWHM of 2.4 ± 0.2 MHz which is similar to that reported for common 

donor polymers.[24]The ENDOR spectra of a film sample of DTS(FBTTh2)2:PC61BM was 

also measured in order to check if the delocalisation of the polaron is altered by the 

transition from frozen solution to film. A comparison of the film (red) and frozen solution 

(black) ENDOR spectra is shown in Figure 6.11. The width of the film sample appears to 

be slightly narrower than the frozen solution but there is little difference. This shows that 

the P+ delocalisation is effectively unchanged when moving from frozen solution to film. 

 

Figure 6.11 Light induced 9.8 GHz ENDOR spectra of DTS(FBTTh2)2:PC61BM in frozen chlorobenzene solution 

(black) and solution cast film (red) at   T = 50 K. 

6.5.5 ENDOR of donor:PC61BM blends 

ENDOR spectra of the remaining four donor:PC61BM blends were recorded in frozen 

solution and film in a similar manner to the previous section. A comparison of the 

ENDOR spectra of P+ in the five blends in frozen solution is shown in Figure 6.12 and 

the FWHM of the 1H hyperfine coupling distributions listed in Table 6.2. The ENDOR 

spectra of P+ on the four fluorobenzothiadiazole blends are similar in width, with a 

FWHM of 2.4 / 2.5 MHz which indicates that the polaron delocalisation is insensitive to 

the choice of heteroatom and to the number of fluorine substituents. It can be seen that 

the asymmetry due to the 19F coupling is more pronounced in the F2BT than the FBT as 

would be expected. The ENDOR spectrum of P+ on DTS(PTTh2)2 is symmetric, as it  
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Figure 6.12 Light induced 9.8 GHz ENDOR spectra of dithienosilole and dithienogermole based donors blended 

with PC61BM in frozen chlorobenzene solution at T = 50 K using the Mims pulse sequence. The arrows mark 

the Larmor frequency of 1H and 19F at a magnetic field of 347 mT.  

contains no fluorine, and is broader than the fluorobenzothiadiazoles with a FWHM of 

3.2±0.2 MHz suggesting that the polaron is differently distributed on this donor molecule. 

The stronger hyperfine coupling in DTS(PTTh2)2:PC61BM is in agreement with the larger 

linewidth of P+ seen in the 9.8 GHz LEPR spectrum. 

Table 6.2 FWHM of the 1H hyperfine coupling distribution in the ENDOR spectra. 

Donor 1H FWHM 

DTS(FBTTh2)2
+ 2.4±0.2 

DTS(F2BTTh2)2
+ 2.5±0.2 

DTG(FBTTh2)2
+ 2.4±0.2 

DTG(F2BTTh2)2
+ 2.5±0.2 

DTS(PTTh2)2
+ 3.2±0.2 

 

6.5.6 Comparison of Experimental Results with DFT Calculations 

DFT electronic structure calculations of P+ on the five donor molecules were performed 

by Prof. Kirsty Mardis and Mr. Christopher Mallares at Chicago State University. From 

these calculations spin density distributions, g-tensors and hyperfine coupling constants 
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of the donors were obtained. The calculated g-factors exhibited the same invariance with 

choice of heteroatom (Si or Ge) as seen in the experimental results. This is supported by 

the spin density plots (Figure 6.13) which show that there is no spin density on the central 

heteroatom and it is therefore not surprising that it does not influence the observed g-

tensor.  

 

Figure 6.13 Optimised structure and spin density iso-surface of DTS(FBTTh2)2. 

The donor molecules can adopt different conformations depending on the rotation of the 

thiophene units that make up the back bone. In a pure trans conformation the sulphur atom 

on each thiophene unit is on the opposite side to the sulphurs on adjacent thiophene units, 

as shown in Figure 6.13. In pure cis all sulphurs are on the same side, part trans and part 

cis conformations are also possible. DFT calculations showed that the pure trans 

conformation has the lowest energy, but the difference is not large enough to definitively 

select one conformation over another and there may therefore be a distribution of 

conformations present in the measured samples.  

A comparison of the experimental and calculated principal values of DTS(FBTTh2)2 is 

shown in Table 6.3. Comparing the top three rows of Table 6.3 it can be seen that 

regardless of the conformation of the donor (cis or trans) the DFT calculations fail to 

reproduce the experimental principal values of DTS(FBTTh2)2. In general it seems that a 

cis conformation better reproduces the experimental gx and gy
 values while a trans 

conformation produces gy and gz
 values. Mixed cis/trans conformations produce similar 

principal values to the pure cis case. Even with the assumption of a distribution of 
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conformers in the experimental samples, the discrepancy between the calculated and 

measured g-factors is not resolved as gx and gz
 are underestimated in all cases. 

Table 6.3 g-factors of DTS(FBTTh2)2 obtained by DFT electronic structure calculations 

Structure gx gy gz
 

Experimental 2.0035 2.0024 2.0017 
Monomer (cis) 2.0029 2.0023 2.0008 
Monomer (trans) 2.0025 2.0022 2.0012 
Dimer (cis) 2.0038 2.0025 2.0007 
Dimer (trans) 2.0028 2.0024 2.0017 

To reconcile this discrepancy, Mardis and Mallares constructed dimers with an overall 

+1 charge. The formation of such dimers was found to be energetically favourable, at 

least in the gas phase, and is in agreement with work by Reichenberger et al.,[25] who 

showed that DTS(FBTTh2)2 forms aggregates when concentrated solutions are cooled. 

The principal values of the dimer models are listed in Table 6.3 and show improved 

agreement to the experimental values. Dimers in the cis conformation accurately 

reproduce gx and gy while trans conformation dimers reproduce gy and gz. While there is 

still a discrepancy it is a significant improvement over the monomer case which 

simultaneously underestimated gx and gz in all conformations. The calculated g-factors of 

dimers of the four other donor molecules showed similar improvement over the monomer 

case. Given the improvement obtained by the dimers, a trimer was also calculated. This 

was found to be energetically stable and had similar principal values to the dimer models. 

Therefore based on a comparison of the DFT and experimental principal values the, 

positive polaron is likely spread over a dimer or higher order aggregate in these systems. 

Spin density plots of the dimer model (Figure 6.14) show that the spin density is 

distributed equally over both constituent molecules. A similar equal delocalisation of spin 

density is seen in the trimer. As discussed in Section 6.5.5 the isotropic hyperfine coupling 

constant is proportional to the spin density at the nucleus. Delocalisation of the polaron 

over a dimer or trimer will therefore reduce the hyperfine coupling constants to 

approximately one half and one third of the monomer values respectively. Consequently 

if the dimer/trimer formation suggested by the g-tensor comparison is correct, the 

ENDOR spectra of the donors should exhibit reduced hyperfine coupling constants. 
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Figure 6.14 Optimised structure and spin density iso-surface of DTS(FBTTh2)2 dimer. 

Mardis and Mallares calculated 1H hyperfine coupling constants of the monomer, dimer 

and trimer of DTS(F2BTTh2)2. Using these calculated values the 1H ENDOR spectrum of 

DTS(F2BTTh2)2 can be simulated. There are many small hyperfine couplings to 1H on 

alkyl chains which do not influence the width of the ENDOR spectrum, these were 

discarded and the twelve 1H with the largest hyperfine coupling were chosen for the 

simulation; all of which are on the conjugated backbone of the molecule. The influence 

of the relative orientation of the A and g tensors on the simulated spectra was checked 

and found to have no influence on the simulated spectra and the A and g frame were 

therefore chosen to be co-aligned. To accurately simulate the experimental ENDOR 

spectrum the quirks of the ENDOR measurement have to be taken into account. The Mims 

pulse sequence causes periodic suppression of the ENDOR intensity resulting in blind 

spots (holes) in the ENDOR spectrum. The Mims suppression function is given by,[26, 27] 

 Mò��E6 ∝ ´µ-�(	�8) (6.1) 

where Mò��E6 is the ENDOR intensity, 8 is the time interval between the first and second 

pulses in the Mims pulse sequence and � is the hyperfine coupling constant. Eq, 6,1 shows 

that there will be holes in the ENDOR spectrum at �8 = 0, 1, 2,...n. The interpulse 

separation used in the ENDOR experiments was 160 ns and the suppression caused by 

this pulse length is shown in Figure 6.15 by the green line. The black line is the pre-

suppression simulated 1H ENDOR spectrum using the twelve largest hyperfine coupling 

tensors obtained from the DFT calculation of the DTS(F2BTTh2)2 monomer. The pre-
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suppression simulation is dominated by a central peak corresponding to weakly coupled 

1H, however these couplings are removed by the Mims suppression resulting in a hole in 

the centre of the spectrum as shown by the red line. Theoretically the ENDOR intensity 

drops to zero at the holes but in general there is always a residual intensity present in the 

experimental spectra. 

 

Figure 6.15 Influence of the Mims ENDOR suppression function on the 1H simulation of DTS(F2BTTh2)2. The 

unsuppressed ENDOR simulation is shown in black, the supressed in red and the suppression function in green.  

The experimental ENDOR spectrum of DTS(F2BTTh2)2 together with 1H ENDOR 

simulations of the monomer, dimer and trimer are shown in Figure 6.16. In order to 

reliably compare the width of experimental and simulated spectra the high frequency side 

of the spectra should be used as the reference in order to avoid the 19F coupling which 

was not included in the simulations. It can be seen that the simulation using the monomer 

hyperfine coupling values severely overestimates the width of the ENDOR spectrum. In 

contrast the simulations using the dimer and trimer coupling values reproduce the 

experimental ENDOR width much more closely. Further agreement between the 

simulated and experimental spectra could be reached by tuning the suppression function 

so that the intensity does not fall to zero at the holes. The dimer appears to match the 

experimental spectrum with greater accuracy, with a similar FWHM to the experimental 

spectrum, while the trimer underestimates the width; however it is not possible to 

definitively choose between them. Given that the trimer appears to slightly underestimate  
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Figure 6.16 Comparison of experimental and simulated 1H ENDOR spectra of DTS(F2BTTh2)2.  The 

experimental spectrum was recorded at 50 K in blend of DTS(F2BTTh2)2: PC61BM in  frozen chlorobenzene 

solution. The simulated spectra were corrected to include suppression effects. 

the width it is safe to conclude that the polaron is not delocalised over a higher order 

aggregate. 

In summary, comparison of the experimental g-tensors with those from electronic 

structure DFT calculations suggests that the polaron is delocalised over a dimer or trimer. 

This delocalisation is supported by the reduced hyperfine coupling observed in the 

ENDOR spectra which is in good agreement with the dimer hyperfine values predicted 

by DFT.  It was shown in Figure 6.11 that the width of the film and frozen solution 

ENDOR spectra are approximately equal and delocalisation of the polaron over a dimer, 

or possibly a trimer, is therefore also true for films. The PCE of a solar cell is dependent 

on the efficiency of charge separation of the polaron pairs formed at the donor / acceptor. 

Delocalisation of the donor polaron reduces the Coulomb binding energy in these pairs 

and will therefore aid charge separation and may be a contributing factor in the high 

efficiency achieved by these small molecule donors. 
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6.5.7 TR-EPR of Charge Separation  

To obtain information on the charge separation dynamics of the polaron pair in these 

donor:PC61BM systems, direct detection TR-EPR spectroscopy was performed. In this 

method the continuous wave EPR signal is recorded as a function of time after the laser 

flash without the use of field modulation as explained in Section 4.3.5. Direct detection 

TR-EPR spectra of the five blends in frozen chlorobenzene solution are shown in Figure 

6.17. For roughly the first 500 ns after the laser flash the TR-EPR spectrum builds up.  

This build up time is controlled by the response of the resonator rather than an interesting 

sample dependent mechanism. The spectra shown in Figure 6.17 were then obtained by 

integrating the time trace from 500 ns after the laser flash to 600 ns after the laser flash.  

This is appropriate as the lineshape does not evolve during this integration period and the 

gain in signal to noise to substantial. The spectral lineshape remains approximately 

constant for the next 500 ns before evolving over a microsecond time scale. It is difficult, 

if not impossible, to obtain useful information from these later dynamics as they are  

 

 

Figure 6.17 Continuous wave direct detection TR-EPR spectra of polaron pairs in dithienosilole and 

dithienogermole based donors blended with PC61BM in frozen chlorobenzene solution at T = 50 K. The spectra 

were captured 500 ns after the laser flash and integrated over a 100 ns time period in order to improve the signal 

to noise. Positive going peaks correspond to microwave absorption (A) and negative to emission (E). Spectra 

have been background subtracted to remove the broad underlying triplet component and their positions 

corrected to account for changes in microwave frequency. 
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heavily influenced by the response of the detection circuitry, such as amplifier overshoot, 

inside the spectrometer. The TR-EPR analysis will therefore be based on the 500 ns 

snapshot. As will be explored in the following section there is also a broad triplet 

component in addition to signal of interest which causes a baseline distortion. The spectra 

shown in Figure 6.17 were therefore baseline corrected in order to remove the triplet 

signal. 

Looking at Figure 6.17 it can be seen that the spectra consist of more than two peaks and 

therefore must be due to coupled spins. Furthermore the spectra are partly in microwave 

emission and partly in absorption signifying that there is a non-Boltzmann population of 

spin states. These characteristics indicate that the spectra correspond to a polaron pair 

undergoing charge separation. After the laser flash a singlet exciton is formed which will 

undergo electron (or hole) transfer to yield a singlet primary polaron pair. Sequential 

electron and/or hole transfer will then occur generating intermediate polaron pairs and 

ultimately secondary polaron pairs with lifetimes long enough to be observed with the 

500 ns resolution of the TR-EPR experiment.  

Assuming the sequential electron and hole transfer proceeds rapidly (<100 ps) the 

polarons are separated before magnetic interactions between the spins can cause S-T0 

mixing. Under this assumption the polarisation that is observed in the TR-EPR 

experiment should arise wholly from interactions in the observable secondary polaron 

pair and is therefore the EAEA pattern predicted by the SCRPM, as described in Section 

3.5.2. It can be seen from Figure 6.17 that the spectra of the four fluorobenzothiadiazole 

donors all exhibit the same polarisation, a distorted EAEA pattern. This indicates that the 

polarisation is well described by the SCRPM and that the primary and intermediate 

polaron pairs separate sufficiently rapidly as to avoid S-T0 mixing.  

The spectrum of the DTS(PTTh2)2 exhibits a notably different polarisation than the 

fluorobenzothiadiazole donors that is closer to EA than EAEA. An EA polarisation 

pattern is predicted by the RPM. In the RPM magnetic interactions between the spins in 

the primary and intermediate polaron pairs cause S-T0 mixing and a build-up of 

polarisation during charge separation (see Section 3.5.2). This built up of polarisation 

then carries over to the observable secondary polaron pair resulting in an EA polarisation 

pattern in the TR-EPR spectrum if the precursor state was singlet. In the context of 
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sequential electron transfer a distortion from EAEA towards EA occurs if there are long 

lived primary or intermediate polaron pair(s). It has been shown in analogous donor / 

acceptor biological systems that the longer the lifetime of the intermediate states the 

stronger the S-T0 mixing and the greater the distortion from EAEA to EA.[28] Applying 

this reasoning to the spectra in Figure 6.17 leads to the conclusion that charge separation 

in the four fluorobenzothiadiazole donors occurs on roughly the same timescale since 

they all exhibit a similar EAEA polarisation pattern. In contrast, charge separation in 

DTS(PTTh2)2 is slower as the spectrum is strongly distorted towards EA, suggesting that 

the separation process involves a long lived primary or intermediate polaron pair. 

The film TR-EPR spectra shown in Figure 6.18 tell a similar story. The spectra of the 

FBT fluorobenzothiadiazole donors show a clear EAEA polarisation pattern in agreement 

with that in frozen solution. The pattern of the F2BT donors is also EAEA but more 

heavily distorted than the solution case which may indicate that the morphology of films 

using the F2BT donors is not as favourable as the FBT. The spectrum of DTS(PTTh2)2 is  

 

Figure 6.18 Continuous wave direct detection TR-EPR spectra of polaron pairs in dithienosilole and 

dithienogermole based donors blended with PC61BM in solution cast films at T = 50 K. The spectra were 

captured 500 ns after the laser flash and integrated over a 100 ns time period in order to improve the signal to 

noise. Positive going peaks correspond to microwave absorption (A) and negative to emission (E). Spectra have 

been background subtracted to remove the broad underlying triplet component and their positions corrected to 

account for changes in microwave frequency. 
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similar to that obtained in frozen solution, suggesting that the slow charge separation in 

this blend carries over to films. 

6.5.8 TR-EPR of Triplet Excitons  

In order to obtain a more complete picture of the charge separation across this family of 

donor:PC61BM blends the formation of triplet excitons was also investigated. The 

presence of triplet excitons are a strong indicator of inefficient charge separation in donor 

acceptor blends. If the photogenerated singlet exciton fails to reach the donor acceptor 

interface it may undergo ISC to the triplet state which is lower in energy.[29] Alternatively 

singlet polaron pairs which take on triplet character through S-T0 mixing can undergo 

back electron transfer (BET) to yield a triplet exciton on the donor. The triplet energy of 

many donors lies below the energy of the polaron pair so this process is energetically 

favourable and there is no energetic driving force for forward electron transfer to reoccur 

to break apart the exciton.[29, 30] While back hole transfer can in principle occur, the triplet 

level of the acceptor is generally higher than the polaron pair which supresses this 

mechanism.[29, 31] 

Direct detection TR-EPR spectra of triplet excitons in a frozen solution of the 

DTS(FBTTh2)2:PC61BM blend are shown in Figure 6.19. There are two clear triplet 

signatures present in Figure 6.19 with substantially different widths of 90 mT and 25 mT. 

From previous studies of triplets in OPV blend systems the narrow feature can be assigned 

to triplet excitons on the PC61BM.[20, 32] The broad feature therefore must be triplet 

excitons on the DTS(FBTTh2)2. As discussed in Section 3.5.4 the ISC mechanism 

populates the zero field triplet states unequally due to different intersystem crossing rates 

to the three sublevels, while the BET mechanism selectively populates the high field T0 

state directly. The different triplet sublevel populations of these two pathways enable 

them to be distinguished through the polarisation pattern of the triplet spectrum. It can be 

seen from Figure 6.19 that the broad triplet has an EEAEAA pattern and the narrow triplet 

is AAAEEE, both of which indicate that the triplet excitons are generated through ISC. 

In Figure 6.19a the simulation of the triplet exciton on PC61BM using the ISC mechanism 

with |D| = 290 MHz and |E| = 25 MHz is shown in blue and reproduces the experimental 

lineshape with good accuracy. The simulation of the triplet exciton on DTS(FBTTh2)2   
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Figure 6.19 Continuous wave direct detection TR-EPR spectra of triplet excitons in DTS(FBTTh2)2:PC61BM 

frozen chlorobenzene solution at T = 50 K. The spectra were captured 500 ns after the laser flash and integrated 

over a 100 ns time period in order to improve the signal to noise. Positive going peaks correspond to microwave 

absorption (A) and negative to emission (E).  The experimental spectrum is shown in black, the total simulation 

in red, the ISC triplet on PC61BM in blue, the ISC triplet on DTS(FBTTh2)2 in green and the BET triplet on 

DTS(FBTTh2)2 in orange. In (a) the spectrum fit using ISC mechanisms only while in (b) ISC and BET 

mechanisms are combined. 

using the ISC mechanism with |D| = 1150 MHz and |E| = 145 MHz is shown in green in 

Figure 6.19a.  While this simulation accurately reproduces the widths of the various 

transitions in the experimental spectrum, it fails to accurately reproduce their heights. The 

height of the outermost high field transition is overestimated by the simulation while the 

height of the central transition on the low field side is underestimated. By changing the 

population of the zero field sublevels the simulation can be tuned to accurately reproduce 

the heights of these two transitions but then the heights and polarisations of the other 

transitions are compromised. There is no combination of zero field sublevel populations 

(px, py, and pz) that accurately reproduces the height and polarisation of all six transitions 

in the spectrum simultaneously.   

In principle such a deviation between experiment and simulation could be explained by 

partial orientation effects, where the orientation of the molecules and the applied field is 

not random. However the sample measured in Figure 6.19 is a flash frozen chlorobenzene 

solution and orientation of the molecules should therefore be truly random. Instead the 

deviation is attributed to a certain fraction of the triplet excitons on DTS(FBTTh2)2 being 

generated through BET rather than ISC. By introducing BET excitons into the simulation 

(orange line), the simulated spectrum is now in excellent agreement to the experimental 

spectrum as shown in Figure 6.19b. The relative weight of the BET simulation component 
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required was 15 %, where the weight is calculated by the ratio of the integrated intensities 

of the BET and ISC DTS(FBTTh2)2 simulation components. This suggests that while 

most of the triplet excitons on DTS(FBTTh2)2 are created through ISC there is a 

substantial fraction generated through BET from the polaron pair. 

The triplet exciton spectra of the other four blends were measured in a similar fashion and 

a comparison of the triplet spectra from the five blends is shown in Figure 6.20. All five 

blends exhibit similar triplet exciton TR-EPR spectra with a narrow component  

 

 

Figure 6.20 Continuous wave direct detection TR-EPR spectra of triplet excitons in dithienosilole and 

dithienogermole based donors blended with PC61BM in frozen chlorobenzene solution at T = 50 K. The spectra 

were captured 500 ns after the laser flash and integrated over a 100 ns time period in order to improve the signal 

to noise. Positive going peaks correspond to microwave absorption (A) and negative to emission (E).  The 

experimental spectrum is shown in black, the total simulation in red, the ISC triplet on PC61BM in blue, the ISC 

triplet on the donor in green and the BET triplet on the donor in orange.  
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corresponding to excitons on the PC61BM and a broad component resulting from the 

excitons on the donor. All spectra could be accurately simulated using an ISC mechanism 

for the PC61BM triplets and a combination of ISC and BET for the triplets on the donors. 

The ZFS parameters and weight of the BET component used in the five simulations are 

listed in Table 6.4. 

The magnitude of the D ZFS parameter is a measure of the strength of the dipolar 

interaction between the spins in the exciton. The more delocalised the exciton the weaker 

the dipolar interaction and the lower the magnitude of D. Looking at Table 6.4 the 

magnitude of D only varies slightly across the five donor molecules indicating that the 

extent of the triplet delocalisation is approximately equal on all the donors. The 

magnitude of D for triplets on PC61BM is significantly smaller than the donors suggesting 

that the triplet exciton is heavily delocalised over the fullerene cage. The weight of the 

PC61BM component was approximately equal across four of the blends with the exception 

of DTS(F2BTTh2)2 which has a significantly smaller PC61BM contribution, the reason for 

this outlier is not known. The lineshape of the triplet excitons on the four 

fluorobenzothiadiazole donors is approximately equivalent and the simulations required 

similar weights of BET component ranging from 11 to 15 %. This suggests that BET 

occurs to the same extent in these four blends. In contrast it can be seen from Figure 6.20 

that the lineshape of the DTS(PTTh2)2 triplet is subtly different and required a much larger 

BET component of 28 % indicating that BET occurs more readily in the 

DTS(PTTh2)2:PC61BM blend. 

Table 6.4 Zero field splitting parameters and BET weights used for the simulation of the TR-EPR spectra in 

Figure 6.20. The error in the ZFS is approximately 5 % and the weight of the BET component is the ratio of the 

ISC and BET integrated intensities.  

Molecule |D| (MHz) |E| (MHz) BET Weight (%) 

DTS(FBTTh2)2 1150 143 13 
DTS(F2BTTh2)2 1190 160 15 
DTG(FBTTh2)2 1145 142 11 
DTG(F2BTTh2)2 1185 155 14 
DTS(PTTh2)2 1130 130 28 
PC61BM 280 30 N/A 

The TR-EPR triplet measurements were repeated on film samples to check whether the 

trend in the BET weight carried over to the films. The triplet TR-EPR spectrum of 

DTS(FBTTh2)2:PC61BM film is shown in Figure 6.21. It can be seen that the broad triplet 
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corresponding to excitons on the donor retains its overall AAEAEE polarisation pattern 

indicating that ISC of singlet excitons is still occurring on the donor. In contrast the 

narrow triplet corresponding to ISC triplet excitons on the PC61BM triplet is greatly 

reduced and within the noise baseline of the measurement. ISC triplets are essentially a 

measure of poor morphology. In an optimised blend morphology singlet excitons 

generated on either the donor or acceptor phase should reach the interface before ISC 

occurs. In frozen solution the distance between the donor and acceptor molecules is 

greater than in the film and there will be a substantial fraction of molecules which are too 

far apart for electron transfer to occur and consequently ISC triplet excitons are expected 

to form. The absence of the PC61BM ISC triplet in the film indicates that all singlet 

excitons on PC61BM undergo electron transfer and that the fullerene domains in film are 

therefore small enough that all singlet excitons can reach the donor acceptor interface. 

Conversely the presence of ISC excitons on the DTS(FBTTh2)2 suggests that the domains 

of DTS(FBTTh2)2  are too large and not all singlet excitons are able to reach the interface. 

The simulation of triplet exciton on the DTS(FBTTh2)2 using the ISC mechanism is 

shown by the red line in Figure 6.21a. It can be seen that once again the relative height of 

transitions is not reproduced by the ISC simulation. However the situation is different 

from Figure 6.19a, as the height of outer transitions are now under estimated by the  

 

  

Figure 6.21 Continuous wave direct detection TR-EPR spectra of triplet excitons in DTS(FBTTh2)2:PC61BM 

films at T = 50 K. The spectra were captured 500 ns after the laser flash and integrated over a 100 ns time period 

in order to improve the signal to noise. Positive going peaks correspond to microwave absorption (A) and 

negative to emission (E).  The experimental spectrum is shown in black and the simulation in red. (a) The 

spectrum is fit using the ISC mechanisms with a full powder average. (b) The spectrum is fit using the ISC 

mechanism with partial orientation selection. 
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simulation rather than over estimated. The addition of a BET triplet in the simulation  

therefore exacerbates the fit rather than improving it. Instead the discrepancy between the 

simulation and the experiment is likely due to partial orientation selection. The simulation 

in Figure 6.21a uses a full power average but the dithienosilole and dithienogermole 

family of donors are known to exhibit crystalline phases.[9, 33] A full powder average, as 

used for the frozen solution simulations, is therefore not suitable and the orientations of 

the molecules with respect to the magnetic field axis were instead weighted using the 

distribution shown in Figure 6.22. It is a simple inverse Gaussian centred on the azimuthal 

angle ϕ = 0. This distribution preferentially aligns the molecules so that the y-axis of the 

dipolar principal axis reference frame is parallel with magnetic field. The ISC simulation 

using this orientation distribution is shown in Figure 6.21b and reproduces the 

experimental lineshape with good accuracy. This orientation distribution should be 

considered an experimental tuning parameter rather than a physical reality as the chosen 

distribution is not unique and the orientation of the molecules in sample tube cannot be 

inferred from it. 

 

Figure 6.22 Orientation distribution used to weight the azimuthal angle ϕ. 

The experimental and simulated spectra of all five blends are shown in Figure 6.23. The 

four fluorobenzothiadiazole blends have nearly identical polarisation patterns and all 

were simulated accurately using the orientation distribution in Figure 6.22. The spectrum 

of DTS(PTTTh2)2:PC61BM exhibits a notably different polarisation pattern from the 

others. To simulate the DTS(PTTTh2)2:PC61BM using only the ISC mechanism requires 
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an orientation distribution that is orthogonal to that used for the fluorobenzothiadiazole 

donors. DTS(PTTTh2)2 is structurally very similar to the four fluorobenzothiadiazole  

donors and would therefore be expected to orientate in a similar manner. The use of an 

orthogonal orientation distribution in the simulation is therefore unphysical. Instead the 

orientation distribution in Figure 6.22 can be treated as a global fitting parameter, and 

applied to the DTS(PTTTh2)2 molecules. To accurately reproduce the experimental 

lineshape of DTS(PTTTh2)2 both ISC and BET triplet excitons have to be included in the 

simulation and are shown in green and orange in Figure 6.23 respectively. The weight of  

 

Figure 6.23 Continuous wave direct detection TR-EPR spectra of triplet excitons in dithienosilole and 

dithienogermole based donors blended with PC61BM in solution cast films T = 50 K. The spectra were captured 

500 ns after the laser flash and integrated over a 100 ns time period in order to improve the signal to noise. 

Positive going peaks correspond to microwave absorption (A) and negative to emission (E).  The experimental 

spectrum is shown in black, the total simulation in red.  For DTS(PTTTh2)2:PC61BM the two components of the 

simulation, BET and ISC triplets are shown in orange and green respectively. 
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the BET component required to accurately reproduce the experimental lineshape was 13 

%. It should be noted that the fluorobenzothiadiazole donors are also likely to have some 

BET component present, but there are too many free parameters in the simulation when 

both variable partial orientation and variable BET weight are included to accurately 

determine the BET weight. It is therefore more reasonable to use the approach described 

here where no BET component is included in the fluorobenzothiadiazole simulations and 

use them to accurately obtain the orientation distribution. The BET component that is 

required in the DTS(PTTTh2)2 simulation then shows that more BET must be occurring 

DTS(PTTTh2)2:PC61BM blend than in the fluorobenzothiadiazole blends, in agreement 

to what was observed in the frozen solution.  

As BET excitons are caused by S-T0 mixing in the polaron pair, more BET excitons are 

expected when the polaron pairs separate slowly. The presence of greater BET exciton 

population on DTS(PTTTh2)2 therefore indicates that the charge separation occurs more 

slowly in this blend. This is in agreement with the slower charge separation dynamics of 

the DTS(PTTTh2)2 blend inferred from the polarisation patterns of the polaron pairs in 

Section 6.5.7.  

6.6 Conclusion 

The photogenerated excited states in a family of five small molecule donors blended with 

PC61BM were investigated using LEPR, ENDOR and TR-EPR spectroscopy. Using 

LEPR the g-tensors of the light induced polarons on the donor molecules were 

determined. Comparison of these values to those obtained from DFT calculations 

indicated that the positive polaron is delocalised over a dimer or trimer, and this was 

confirmed by the reduced hyperfine coupling constants measured using ENDOR 

spectroscopy. The delocalisation of the positive polaron across several molecules will aid 

charge separation in these systems and may be a contributing factor in their high 

efficiency. Using TR-EPR spectroscopy the charge separation dynamics and triplet 

exciton formation pathways were also investigated. From the polarisation patterns of the 

polaron pair spectra it can be inferred that charge separation is slowest in the 

DTS(PTTh2)2 blend and involves a longer lived primary or intermediate polaron pair. By 

simulating the polarisation patterns of the triplet spectra the presence of BET triplet 

excitons in all five blends was identified, and there are a higher population of them in the 
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DTS(PTTh2)2 blend. The higher population of BET triplet excitons is in agreement with 

the slower charge separation in the DTS(PTTh2)2 blend inferred from the polaron pair 

spectra, since slower charge separation results in greater S-T0 mixing and increased BET 

formation. This finding demonstrates that back electron transfer to the triplet of the donor 

is a loss mechanism in these molecular systems when charge separation is slow, and could 

be partly responsible for the lower device efficiencies obtained in the DTS(PTTh2)2 blend 

compared with those of DTS(FBTTh2)2 and  DTG(FBTTh2)2.[9, 10, 13]  
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7 EPR Spectroscopic Signatures of Negative Polarons on the                 

Non-Fullerene Acceptors ITIC and IDTBR 

7.1 Introduction 

In this chapter the spectroscopic signatures of negative polarons on two high efficiency 

non-fullerene acceptors, ITIC and IDTBR, are identified.  The acceptors were blended 

with the donor polymer P3HT and 9.8 GHz, 34 GHz and 94 GHz light induced EPR 

spectra obtained. The signatures of the negative polaron on ITIC and IDTBR were found 

to heavily overlap with the positive polaron on P3HT at all three microwave frequencies. 

By applying a global fit across the three frequencies the negative polaron signatures and 

principal values of the g-tensors could be accurately determined. In addition the hyperfine 

coupling of the polarons to the surrounding nuclei was measured using 9.8 GHz and 34 

GHz ENDOR spectroscopy. These results provide information on the electronic excited 

state of these important non-fullerene acceptor molecules and help guide the direction of 

DFT calculations.  

7.2 Background 

In 1993 Sariciftci et al. demonstrated the first polymer:fullerene planar heterojunction 

solar cell.[1, 2] Only three years later the first bulk heterojunction polymer:fullerene cell 

was reported,[3] using the newly synthesised methanofullerene derivative PC61BM.[4] 

Since their inception fullerene derivatives have dominated the role of electron acceptors 

in OPV cells. The development of new donor polymers and small molecules has 

proceeded rapidly and has driven the impressive efficiency enhancement achieved by 

OPV over the last 15 years. In contrast progress on non-fullerene acceptors has been far 

more sluggish with few materials able to match the excellent electron transporting 

properties of fullerene derivatives. While fullerene derivatives are capable of achieving 

high efficiency cells they suffer from several intrinsic deficiencies. They have poor 

absorption characteristics, non-scalable synthesis with associated high production costs 

and are difficult to functionalise resulting in limited tunability of the absorption and 

energy levels.[5, 6] In addition they are known to be sensitive to air degradation and some 

polymer fullerene blends have been shown to be inherently thermodynamically 
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unstable.[7]  In recent years progress in non-fullerene acceptors has picked up pace and 

they are now achieving efficiencies comparable to fullerene derivatives.[5, 6] Having 

achieved comparable efficiency to their fullerene counterparts and with their greater 

scope for further improvement, non-fullerene acceptors look poised to become the new 

standard in OPV cells. Very little is known about non-fullerene acceptors from an EPR 

perspective. The vast majority of OPV LEPR and TR-EPR studies to date have used 

PC61BM or PC71BM as the electron acceptor and focused on the change of the positive 

polaron signature with different donors. We therefore investigated two high performance 

fullerene acceptors ITIC and IDTBR using EPR in order to identify the spectroscopic 

signatures of the negative polarons on these materials and how they differ from PC61BM. 

The experimental EPR results can then be used to guide DFT calculations to obtain an 

accurate picture of the electronic structure of the excited states. 

7.3 Materials 

7.3.1 ITIC 

 

Figure 7.1 Chemical structure of ITIC. 

ITIC was developed by the Zhan group and achieved efficiencies of up to 6.8 % when 

blended with PTB7-Th. This is higher than control cells using PC61BM (6.1 %) and 

approaching that obtained by using PC71BM (7.5 %).[8] When blended with the polymer 

donor PBDB-T, PCEs of  over 11 % were achieved.[9] The chemical structure is shown 

in Figure 7.1 and consists of central donor core of indacenodithieno[3,2-b]thiophene with 

two flanking 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile acceptor units. This A-

D-A structure promotes intermolecular charge transfer and extends the absorption range. 

ITIC was purchased from 1-Material (NFA005) and used without further purification. 
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7.3.2 IDTBR 

 

Figure 7.2 Chemical structure of IDTBR. 

IDTBR was developed by the McCulloch group,[10] and is shown in Figure 7.2. Like ITIC, 

IDTBR utilises an A-D-A structure. When blended with the polymer P3HT it achieved 

efficiencies of 6.4 % which was the highest reported efficiency for a non-fullerene P3HT 

solar cell.[10] In addition the cells were shown to be much more air stable compared to 

other high performance polymer:fullerene systems.[10] More recently IDTBR was blended 

with the new donor polymer PvBDTTAZ to create cells with PCEs of up to 11.6 % which 

is one of the highest efficiency non-fullerene cells reported to date.[11] IDTBR exists in 

two isomers O-IDTBR and EH-IDTBR which have linear and branched alkyl solubilising 

groups respectively. In this work the EH-IDTBR isomer was used. IDTBR (NFA004) 

was purchased from 1-Material and used without further purification. 

7.3.3 PC61BM 

 

Figure 7.3 PC61BM 

As discussed in the previous chapter, [6,6]-Phenyl-C61-butyric acid methyl ester 

(PC61BM) is a soluble fullerene derivative that has been extensively used as the electron 
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acceptor in OPV cells and is the archetypical acceptor molecule. The PC61BM was in this 

study was purchased from American Dye Source (ADS61BFA) had a purity of  > 99.5 % 

and was used without further purification. 

7.3.4 P3HT 

 

Figure 7.4 Chemical structure of P3HT 

Poly-3-hexyl thiophene is one of the most widely studied electron donors in OPV. As 

shown in Figure 7.4 it consists of a simple thiophene repeat unit with a solubilising alkyl 

chain. Due to its simple structure, good film formation properties and wealth of previous 

literature it is used as a benchmark material in many OPV studies. P3HT was purchased 

from Rieke Metals (4002-EE) and had a molecular weight of 50 – 70 kDa and was              

91 – 94 % regioregular. It was used without further purification. 

7.4 Experimental 

P3HT and the acceptor (PC61BM, ITIC or IDTBR) were dissolved in anhydrous 

chlorobenzene in a 1:1 weight ratio to give a total concentration of 35 mg cm-3 inside a 

nitrogen glovebox and stirred at 50 °C overnight. The solution was pipetted into quartz 

EPR tubes and sealed under nitrogen atmosphere using paraffin film.  To minimise the 

chance of sample degradation the tubes were then quickly transferred to the spectrometer 

lab where they were flash frozen in liquid nitrogen and stored at 77 K in the dark until 

required. 
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7.5 Results 

7.5.1 LEPR Spectra of P3HT:Acceptor Blends 

The LEPR spectra of the two new non-fullerene blended with P3HT were measured in 

frozen solution at 9.8 GHz, 34 GHz and 94 GHz. The LEPR spectra of the well-studied 

P3HT:PC61BM blend was also measured to serve as a reference. Measuring frozen 

solutions prevents partial orientation effects from complicating the interpretation and 

simulation of the spectra. LEPR spectra at the three microwave frequencies are shown in 

Figure 7.5. The dark spectrum of the three blends was very weak and after illumination 

the EPR intensity grew by over an order of magnitude indicating that the species 

displayed in Figure 7.5 correspond to light induced charge separated states. 

In the P3HT:PC61BM blend, the EPR signatures of the positive and negative polarons can 

clearly be discriminated and spectrally separate as the frequency is increased. From 

previous EPR studies the broad low field signature can be assigned to positive polarons 

(P+) on the P3HT and the sharp high field signal to negative polarons (P-) on the 

PC61BM.[12-14] In contrast the EPR signatures of the P+ and P- in the blends with ITIC and 

IDTBR cannot be clearly differentiated. At 9.8 GHz the P- on ITIC is almost completely 

obscured by the P+. Moving to 34 GHz allows the peak of the P- to be resolved and shows 

that it lies of the low field side of the spectrum.  Even at 94 GHz there is substantial 

overlap of the P+ and P-
 signatures which indicates that their principal values are 

intermixed and the signatures therefore cannot be separated by moving to higher 

frequencies. The situation is similar in the IDTBR blend, with strong overlap of the P+ 

and P- at 94 GHz. However the IDTBR P- signature extends to much lower fields which 

causes a distinctive bump on the low field side of the spectrum that can be seen at all three 

frequencies. The strong overlap of the P- signature with P+ makes determination of its 

lineshape and principal values difficult. The aim of the first half of this chapter is to 

accurately determine the principal values of P- on ITIC and IDTBR through 

multifrequency simulations and comparisons with the P3HT:PC61BM spectra.  
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Figure 7.5 LEPR spectra of ITIC. IDTBR and PC61BM blended with P3HT in frozen chlorobenzene solution at          

T = 50 K. The spectra were recorded at (a) 9.8 GHz, (b) 34 GHz and (c) 94 GHz using a Hahn echo pulse 

sequence. The dark spectrum has been subtracted from each. 
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7.5.2 Simulation of P3HT:PC61BM LEPR Spectra 

In order to determine the spectral signatures and principal values of P- on IDTBR and 

ITIC, the signature of P+ on P3HT must be accurately known at each frequency. The P+ 

signature can then be held constant during the simulations of the P3HT:ITIC and 

P3HT:IDTBR spectra, greatly reducing the number of free parameters. The spectra of the 

P3HT:PC61BM blend is ideally suited to characterise the P+ signature as the P+ and P- are 

well separated at all three frequencies. 

The simulations of the P3HT:PC61BM LEPR spectra are shown in Figure 7.6.  The 

principal values of the P+ and P-
 g-tensors were determined from the 94 GHz spectra and 

used to constrain the 9.8 GHz and 34 GHz simulations. It can be seen that the simulation 

captures the experimental lineshape accurately across the three frequencies. The principal 

values used to simulate the spectra are given in Table 7.1 and are in agreement with 

previous reports.[12, 14-17] 

Table 7.1 Principal values of the P+ and P- g-tensors. The relative error in the principal values is ±0.0002. The 

error in the gz component of P- is larger, ±0.0004, due to the high g-strain. 

Polaron gx gy gz
 

P+ on P3HT 2.0039 2.0022 2.0011 
P- on PC61BM 2.0005 2.0005 1.9992 

One curiosity is that the weights of the positive and negative polaron components required 

in the simulation are not equal and vary across the three frequencies. The relative weight 

of the P+ component required in the simulations was 1.19, 1.21 and 1.28 for the 9.8 GHz, 

34 GHz and 94 GHz spectra respectively. If the P+ and P- are generated from electron 

transfer between the polymer and fullerene there will be equal numbers of P+ on P3HT as 

there is P- on PC61BM due to charge neutrality. One would therefore expect the intensity 

of the P+ and P- signatures to be equal and require equal weights in the simulation. The 

greater intensity of the P+ component at all three frequencies cannot be due to spin lattice 

relaxation effects as the T1 of P+ on P3HT is substantially longer than P- on PC61BM (see 

Figure 7.7). Therefore if the intensities of P+ and P- were spin lattice relaxation limited the 

P+ would have less intensity than P-. Different weights of the P+ and P- components have 

been observed in polymer fullerene systems previously.[14, 18, 19] One proposed 

explanation is that a fraction of the excitons directly dissociate on the polymer, rather  
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Figure 7.6 LEPR spectra of P3HT:PC61BM in frozen chlorobenzene solution at T = 50 K. The experimental 

spectra (black) are shown alongside theoretical simulations of the P+ residing on the donor (green), P- on the 

PC61BM (blue) and the superposition of both (red). 
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than through electron transfer to the fullerene which leaves both P+ and P- on P3HT and 

both contribute to the intensity of the ‘positive’ polaron signature in the spectra.[18] The 

variation in P+ weight across the three frequencies likely arises from differences in light 

intensity in each measurement rather than an EPR effect. Due to the differing optical 

access of the resonators the light intensity is greatest in the 9.8 GHz and weakest at 94 

GHz. Previous studies have shown that the weight of P- component increases with 

increasing light intensity, in agreement with the trend observed here.[14, 19] 

 

 

Figure 7.7 Inversion recovery of P+ and P- in P3HT:PC61BM frozen chlorobenzene solution at T = 50 K. The 

spectra were recorded at 9.8 GHz using the inversion recovery pulse sequence. The recovery of the P+ echo 

height is shown in green and the P- in blue. The magnetic field positions of the recovery experiments are shown 

in the inset. 

A potential method to help deconvolute the overlapping signatures of the P+ and P- in the 

non-fullerene blends is to take advantage of the different spin lattice relaxation times of 

each polaron. By decreasing the shot repetition time (time between each Hahn echo pulse 

sequence) the intensity of the component with longer T1 can be supressed which provides 

an extra constraint during deconvolution. Before applying this technique it is important 

to characterise any variations that occur in the P+ when the shot repetition time is varied. 

The effect of changing the shot repetition time on the P3HT:PC61BM spectra was 

therefore investigated. The inversion recovery measurement of the P3HT:PC61BM blend 

is shown in Figure 7.7. It can be seen that if the shot repetition time is decreased below 

~3ms the P+ will not of had time to fully recover and will be supressed. The decrease of 

the P+ intensity with decreasing shot repetition time is shown in Figure 7.8a. The same 
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spectra but now normalised to the height of the P+ peak is shown in Figure 7.8b where it 

can be seen that the use of short repetition times also distorts the lineshape of the P+, 

which indicates that the spin lattice relaxation is anisotropic.  

  

Figure 7.8 Influence of the shot repetition time on the LEPR spectrum of P3HT:PC61BM in frozen chlorobenzene 

solution at T= 50 K. The spectra were recorded at 94 GHz using shot repetition times of 10 ms (black), 1 ms 

(blue) and 0.1 ms (red). In (a) the spectra are normalised to the height of the P- and in (b) normalised to the 

height of the P+. 

In order to accurately simulate the P+ this spin lattice relaxation distortion has to be taken 

into account. The distortion appears to behave like orientation selection where the 

intensity of the gx , gy and gz components is no longer equal and the spectrum can’t be 

treated as a powder average. However the EasySpin toolbox,[20] that was used to simulate 

the spectra is not capable of incorporating orientation selection and anisotropic 

broadening simultaneously. Instead the distortion was simulated by convoluting the P+ 

lineshape with a Gaussian distribution centred on 3355 mT which supresses the outer 

shoulders of the P+. The lineshape of the P+ can be accurately simulated through this 

method using Gaussians with FWHM of 9 mT and 6 mT for the 1 ms and 0.1 ms spectra 

respectively as shown in Figure 7.9. The characterisation of the P+ presented in this 

section can now be used to help uncover the signatures of the P- on ITIC and IDTBR. 



7-11 
 

  

Figure 7.9 LEPR spectra of P3HT:PC61BM in frozen chlorobenzene solution at T= 50 K recorded using short 

shot repetition times. The experimental spectra (black) are shown alongside theoretical simulations of the P+ 

residing on the donor (green), P- on the PC61BM (blue) and the superposition of both (red). (a) Experimental 

spectrum was recorded using a shot repetition time of 1 ms and the distorted P+ lineshape simulated by 

convoluting the P+ lineshape with a Gaussian distribution centred on 3355 mT and a FWHM of 9 mT. (b) 

Experimental spectrum was recorded using a shot repetition time of 0.1 ms and the distorted P+ lineshape 

simulated by convoluting the P+ lineshape with a Gaussian distribution centred on 3355 mT and FWHM of 6 

mT. 

 

7.5.3 Simulation of P3HT:ITIC LEPR Spectra 

To determine the lineshape and principal values of P- on ITIC, the P3HT:ITIC spectra 

were simulated using EasySpin across the three frequencies. The lineshape of the P+ was 

assumed to be identical to that in the P3HT:PC61BM blends, and the principal values and 

anisotropic broadening parameters used to simulate the P+ in Figure 7.6 were therefore 

used without change in the P3HT:ITIC simulations. This is a reasonable assumption as in 

frozen solution the local environment of each polymer is dominated by solvent molecules 

rather than interactions with the acceptor molecules and therefore switching acceptors 

should not significantly alter the P+ lineshape. Furthermore previous studies have shown 

that the principal values of P+ on P3HT are insensitive to changing PC61BM with 

PC71BM.[12] The weight of the P+ component was left as a freely varying parameter in the 

simulation. The 94 GHz spectrum was simulated first using a least squares regression. 

The principal values obtained from the 94 GHz simulation were then used to constrain 

the 34 GHz and 9.8 GHz simulations. The principal values of P- that gave the best fit 

across the three frequencies are given in Table 7.2. The g-tensor exhibits approximately 

axial symmetry in agreement with the square like nature of its chemical structure  
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Figure 7.10 LEPR spectra of P3HT:ITIC in frozen chlorobenzene solution at T = 50 K. The experimental spectra 

(black) are shown alongside theoretical simulations of the P+ residing on the donor (green), P- on the ITIC (blue) 

and the superposition of both (red). 
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(see Figure 7.1). The simulations using the principal values in Table 7.2, are shown in 

Figure 7.10. It can be seen that the simulation captures the experimental lineshape with 

good accuracy at all frequencies which supports the validity of the determined principal 

values. In order to estimate the error in the simulations, particularly the completely 

obscured gz value, the simulations were repeated while holding one of principal values 

fixed. For example, to determine the range of possible gz values the simulation was run 8 

times and during each run a different value of gz was used. The chosen gz value was held 

constant and the gx
 and gy values allowed to vary freely. The range of gz values where the 

simulation was able to accurately converge on the experimental lineshape then defines 

the error in gz value. The range of gz values which achieved successful convergence was 

2.0019 to 2.0024 giving an error of approximately ± 0.0003. An analogous procedure was 

used for the gx and gy values which gave approximate errors of ± 0.0002. 

Table 7.2 Principal values of the P- g-tensor on ITIC.  

Principal Values  

gx 2.0040 ± 0.0002 
gy 2.0036 ± 0.0002 
gz 2.0022 ± 0.0003 

In order to try and observe the lineshape of the P- directly and confirm chosen principal 

values, the shot repetition time was varied in an effort to supress the P+. The lineshape at 

different shot repetition times is shown in Figure 7.11. Overall the change in relative 

intensity of the P+ and P- is minimal indicating that the T1 of the P+ and P- is similar in 

value. More interestingly is that as the shot repetition time is decreased from 10 ms to 1 

ms the relative intensity of the P+ component increases, however when the shot repetition 

time is decreased further to 0.1 ms the relative intensity of the P+ then decreases. This 

again indicates that the inversion recovery of both species is highly similar and that the 

recovery curves are multi-exponential which results in a crossing point. 
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Figure 7.11 Influence of the shot repetition time on the LEPR spectrum of P3HT:ITIC in frozen chlorobenzene 

solution at T= 50 K. The spectra were recorded at 94 GHz using shot repetition times of 10 ms (black), 1 ms 

(blue) and 0.1 ms (red). The spectra have been normalised. 

The spectra recorded at the 1 ms and 0.1 ms shot repetition times were simulated using 

the suppressed P+ lineshapes from Figure 7.9 and are shown in Figure 7.12. The relative 

weight of the P+ was 1.20, 1.25 and 0.72 in the 10 ms, 1ms and 0.1 ms simulations 

respectively. The principal values required to simulate the 1 ms and 0.1 ms were slightly 

different from those in Table 7.2 with gx
 and gz

 values of 2.0038 and 2.0023, but are in 

overall good agreement This reduced anisotropy is likely due to distortion of the P- 

lineshape, in a similar manner to that observed in the P+ in P3HT in the previous section. 

  
Figure 7.12 LEPR spectra of P3HT:ITIC in frozen chlorobenzene solution at T= 50 K recorded at low shot 

repetition times. The experimental spectra (black) are shown alongside theoretical simulations of the P+ residing 

on the donor (green), P- on the ITIC (blue) and the superposition of both (red). (a) Experimental spectrum was 

recorded using a shot repetition time of 1 ms and the distorted P+ lineshape simulated by convoluting the P+ 

lineshape with a Gaussian distribution centred on 3355 mT and a FWHM of 9 mT. (b) Experimental spectrum 

was recorded using a shot repetition time of 0.1 ms and the distorted P+ lineshape simulated by convoluting the 

P+ lineshape with a Gaussian distribution centred on 3355 mT and FWHM of 6 mT. 
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7.5.4 Simulation of P3HT:IDTBR LEPR Spectra 

A similar approach was adopted to determine the spectral lineshape and principal values 

of P- on IDTBR. Least squares simulations were first run on the 94 GHz spectra in order 

to determine the range of possible principal values. Similarly to P3HT:ITIC, the 

simulations were ran where one principal value was locked in position and the other two 

allowed to vary freely in order to determine the extrema of each principal value beyond 

which the simulated spectra no longer converge. Despite being completely obscured the 

gz value has the smallest range and can only take values between 2.0020 to 2.0024 before 

the simulations fail to adequately converge. In contrast the gx and gy values are rather ill 

defined and the experimental spectra can be accurately simulated with values ranging 

from 2.0058 to 2.0066 and 2.0050 to 2.0057 for gx and gy respectively. This process was 

repeated for the 34 GHz spectra where the range of possible gz values was similar to the 

94 GHz and varied from 2.0020 to 2.0025. The gx value is more defined than in the 94 

GHz spectra with extrema of 2.0060 to 2.0064 while the gy values vary from 2.0052 to 

2.0060. There is noticeable skew in the gy
 range obtained from the 34 GHz simulations to 

higher g-factors than the range obtained from the 94 GHz simulations. The reason for this 

discrepancy is unclear but there is still substantial overlap of the two ranges. The overlap 

region of the two ranges is 2.0052 to 2.0057 and the mean value of this overlap region is 

therefore taken the principal value of gy. The principal values of the gx and gz
 were 

determined in the same manner. The principal values and uncertainties are listed in Table 

7.3.  

Table 7.3 Principal values of the P- g-tensor on IDTBR. 

Principal Values  

gx 2.0062 ± 0.0003 
gy 2.0055 ± 0.0004 
gz 2.0022 ± 0.0002 

 

The simulations using the principal values in Table 7.3 at the three microwave frequencies 

are shown Figure 7.13. The 9.8 and 94 GHz simulations reproduce the experimental 

lineshape with good accuracy. The 34 GHz simulation is less accurate, as the simulation 

is unable to reproduce the sharpness of the P- peak on the low field side. This discrepancy 

may be due to assumption that the P+ lineshape is unchanged between P3HT:PC61BM and 
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Figure 7.13 LEPR spectra of P3HT:IDTBR in frozen chlorobenzene solution at T = 50 K. The experimental 

spectra (black) are shown alongside theoretical simulations of the P+ residing on the donor (green), P- on the 

IDTBR (blue) and the superposition of both (red). 
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P3HT:IDTBR. A slight reduction in the gx value of P+ or its broadening would allow 

greater reproduction of the experimental spectrum. The bump on the high field side of the 

34 GHz simulation that is not captured by the simulation is due to a background signal in 

the resonator and not the P3HT:IDTBR sample under study.  

In order to confirm the principal values in Table 7.3, spin relaxation suppression of the 

P+ using variable shot repetition times was once again explored. The P+ on P3HT and P- 

IDTBR are sufficiently spectrally separated to measure the inversion recovery of the two 

polarons. The inversion recovery of the P+ and P- at 50 K using 34 GHz microwave pulses 

is shown in Figure 7.14, where it can be seen that the recovery of the P- is substantially 

faster than the P+ which allows spin relaxation suppression to be effectively used. The 

P3HT:IDTBR sample was measured at 94 GHz at 50 K using shot repetition times of 1 

ms and 0.1 ms giving the spectra shown in Figure 7.15. The least squares simulations of 

the 1 ms and 0.1 ms returned principal values of (2.0060, 2.0055, 2.0023) and (2.0057, 

2.0055, 2.0023) respectively. Comparing these values to those in Table 7.3 it can be seen 

that the anisotropy of the g-tensor is reduced as the shot repetition time is decreased, with 

a pronounced shift in gx
 towards lower values. This is likely a similar mechanism to the 

anisotropy reduction observed for the P- on ITIC and P+ on P3TH where the weights are 

 

Figure 7.14 Inversion recovery of P+ and P- in P3HT:IDTBR frozen chlorobenzene solution at T = 50K. The 

spectra were recorded at 34 GHz using the inversion recovery pulse sequence. The recovery of the P+ echo height 

is shown in green and the P- in blue. The magnetic field positions of the recovery experiments are shown in the 

inset. 
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of the three principal values are no longer equivalent. Overall the g-tensors at short shot 

repetition times support the principal value assignment in Table 7.3 

  
Figure 7.15 LEPR spectra of P3HT:IDTBR in frozen chlorobenzene solution at T= 50 K recorded at low shot 

repetition times. The experimental spectra (black) are shown alongside theoretical simulations of the P+ residing 

on the donor (green), P- on the IDTBR (blue) and the superposition of both (red). (a) Experimental spectrum 

was recorded using a shot repetition time of 1 ms and the distorted P+ lineshape simulated by convoluting the 

P+ lineshape with a Gaussian distribution centred on 3355 mT and a FWHM of 9 mT. (b) Experimental spectrum 

was recorded using a shot repetition time of 0.1 ms and the distorted P+ lineshape simulated by convoluting the 

P+ lineshape with a Gaussian distribution centred on 3355 mT and FWHM of 6 mT. 

Even at the shortest shot repetition times at 94 GHz there is still a sizable P+ component. 

The shot repetition time measurement was therefore repeated on 34 GHz spectrometer 

where the shot repetition time can be decreased to 0.02 ms. In addition the sample was 

cooled down to 10 K to enhance the difference between the P+
 and P- recovery time. The  

 

Figure 7.16 LEPR spectra of P3HT:IDTBR in frozen chlorobenzene solution at T= 10 K recorded using a shot 

repetition time of 0.02 ms. The experimental spectrum (black) is shown alongside theoretical simulations of the 

P+ residing on the donor (green), P- on the IDTBR (blue) and the superposition of both (red). 
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0.02 ms shot repetition time measurement is shown in Figure 7.16. At this short a time 

the P+ is nearly completely supressed and Figure 7.16 provides an almost direct 

visualisation of the P- lineshape. The least squares simulation of the experimental 

spectrum returns principal values of (2.0063, 2.0056, 2.0022) which is in good agreement 

to those reported in Table 7.3. 

7.5.5 ENDOR 

In order to get more information on the environment of the negative polarons, ENDOR 

spectroscopy was used to measure the strength of the hyperfine coupling. Due to the 

strong overlap of the P+ and P- selective pulse sequences are required which makes Davies 

ENDOR the natural choice as it requires a selective first pulse (Section 4.3.3). The 

ENDOR spectra of the P3HT:PC61BM blend was first measured in order to isolate the 

signature of P+ on P3HT and investigate whether there is any variation in the P+ ENDOR 

spectrum with field position. 

9.8 GHz ENDOR spectra of P3HT:PC61BM are shown in Figure 7.17. A 256-128-256 

Davies pulse sequence was used to record the spectra which has an excitation width of 

approximately 0.1 mT and therefore only probes a small region of the P+
. ENDOR spectra 

were recorded at three field positions on the P+ as shown in the top panel. The P+ ENDOR 

spectra are centred on the proton Larmor frequency and have a FWHM of 2.4 MHz at the 

low field positions which decreases slightly to 2.1 MHz at the peak of the P+ LEPR 

signature. This measurement was repeated at 34 GHz using the same Davies pulse 

sequence. The 34 GHz spectra are shown in Figure 7.18 and exhibit a FWHM of 2.4 GHz 

at both field positions. In summary the FWHM of the P+ ENDOR spectrum is 

approximately 2.4 GHz and is relatively invariant with field position. Using this 

information the ENDOR spectra of the P- on ITIC and IDTBR can now be identified. 

 



7-20 
 

 

Figure 7.17 ENDOR spectra of P3HT:PC61BM in frozen chlorobenzene solution at T = 50 K. The spectra were 

recorded at 9.8 GHz using a selective Davies pulse sequence. The spectra were recorded at three locations on the 

P+, shown by the red arrows in the top figure. The spectra are centred on the Larmor frequency of 1H and the 

black arrows denote the FWHM. 
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Figure 7.18 ENDOR spectra of P3HT:PC61BM in frozen chlorobenzene solution at T = 50 K. The spectra were 

recorded at 34 GHz using a selective Davies pulse sequence. The spectra were recorded at two locations on the 

P+, shown by the red arrows in the top figure. The spectra are centred on the Larmor frequency of 1H and the 

black arrows denote the FWHM. 

The 34 GHz ENDOR spectra of P3HT:ITIC at five field positions are shown in Figure 

7.19. At position 1 the ENDOR spectrum arises solely from P- and consists of a central 

component with a spread of 3.5 MHz and a much broader component which can be seen 

from the distortion in the baseline. At higher field positions the FWHM of the central 

component narrows. This is primarily due to an increasing contribution from P+ since the 

central component becomes a superposition of the 3.5 MHz coupling distribution from P- 

and the   2.4 MHz distribution from P+. At position 3 the central feature is dominated by 

the contribution from P+ and the only indication of P- coupling is a small baseline 

distortion. By positions 4 and 5 the spectrum is wholly comprised of the coupling from 

the P+. Due to the contribution from P+ it is difficult to discern whether the linewidth of 

the P- coupling also changes with field position.                                                                                                                 
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Figure 7.19 ENDOR spectra of P3HT:ITIC in frozen chlorobenzene solution at T = 50 K. The spectra were 

recorded at 34 GHz using a selective Davies pulse sequence. The spectra were recorded at five locations, shown 

by the red arrows in the top figure. The spectra are centred on the Larmor frequency of 1H and the black arrows 

denote the FWHM. 

In order to observe the broad component, the spectrum at position 2 was captured over a 

wider field range as shown in Figure 7.20. The spectrum consists of a narrow component 

with a FWHM of 2.7 MHz which is a combination of the 3.5 MHz P- and the 2.4 MHz P+ 

coupling distributions in addition to a much broader component with a FWHM of 11.6 
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MHz which indicates the P- is very strongly coupled to a subset of the protons in the 

molecule.  

 

Figure 7.20 Wide frequency range ENDOR spectrum of P3HT:ITIC in frozen chlorobenzene solution at T = 50 

K. The spectrum was recorded at 34 GHz using a selective Davies pulse sequence. The spectrum was recorded 

at the location shown by the red arrow in the top figure. The spectrum is centred on the Larmor frequency of 
1H and the black arrows denote the FWHM of the two components. 

The ENDOR spectra of P3HT:IDTBR are shown in Figure 7.21. At positions 1 and 2 the 

ENDOR spectra are comprised solely from coupling in P- and the FHWM is around 4.5 

MHz. Upon closer inspection it can be seen that characterising the ENDOR spectra with 

a single FWHM is misleading. The spectra at positions 1 and 2 appear to be comprised of 

a superposition of two coupling distributions which gives rise to broad wings in the 

spectra and indicates that the P- is coupled more strongly to a subset of the protons in the 

molecule. As the magnetic field is increased the spectra again narrow due to increasing 

contribution from the P+ coupling and by positions 4 and 5 and ENDOR spectra wholly 

arise from the P+. 
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Figure 7.21 ENDOR spectra of P3HT:IDTBR in frozen chlorobenzene solution at T = 50 K. The spectra were 

recorded at 34 GHz using a selective Davies pulse sequence. The spectra were recorded at five locations, shown 

by the red arrows in the top figure. The spectra are centred on the Larmor frequency of 1H and the black arrows 

denote the FWHM. 
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7.5.6 DFT and Future Work 

DFT electronic structure calculations of ITIC and IDTBR to support this work are 

currently being undertaken by Dr. Trevor Dines at the University of Dundee. These 

calculations are ongoing but the preliminary results shall be briefly discussed here. A 

comparison of the principal values from the experimental simulations and DFT 

calculations is shown in Table 7.4. The DFT calculations reproduce the experimental gy 

and gz principal values with good accuracy but overestimate the gx
 value severely in all 

instances. The reason for this discrepancy is currently being investigated. A possible 

cause is solvation effects, which were neglected in the DFT calculations, and have been 

shown in the past to lower the gx value.[12] The values in Table 7.4 are also only for the 

lowest energy conformation of the molecular structure and calculations on other 

energetically accessible conformations have still to be undertaken. 

Table 7.4 Comparison of experimental principal values with those from DFT calculations. 

Species gx gy gz
 

ITIC Experimental 2.0040(2) 2.0036(2) 2.0022(2) 
ITIC DFT 6-31G 2.0054 2.0040 2.0026 
ITIC DFT EPRII 2.0055 2.0037 2.0026 
IDTBR Experimental 2.0062(3)  2.0055(4) 2.0022(2) 
IDTBR DFT 6-31G 2.0067 2.0051 2.0023 
IDTBR DFT EPRII 2.0074 2.0061 2.0024 

Using DFT the proton hyperfine coupling constants were also calculated and ENDOR 

simulations using these calculated values run as shown in Figure 7.22. The simulation of 

the P3HT:ITIC ENDOR spectrum uses the ten largest hyperfine couplings from the DFT 

calculations of ITIC to simulate the P- component (blue) and an isotropic A = 2.3  MHz 

coupling to simulate the P+ component (green). It can be seen the simulation using the 

DFT coupling values is in reasonable agreement to the experimental spectrum in that it 

reproduces the superposition of a narrow and vary broad component for P-, signifying that 

there is a broad range of coupling strengths. However the width of the broad component 

is underestimated by the simulation indicating that the DFT calculations are therefore 

underestimating the strength of hyperfine coupling. The inclusion of solvation effects 

may somewhat improve the accuracy of the simulation due to the additional coupling to 

1H on the solvent molecules. The situation is similar for P3HT:IDTBR where the  
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Figure 7.22 Comparison of experimental and simulated 1H ENDOR spectra of (a) P3HT:ITIC and (b) 

P3HT:IDTBR.  The simulation of the coupling to the P+ is shown in green, the P- in blue and the total simulation 

in red. The simulated spectra were corrected to include suppression effects. 

simulation reproduces the general lineshape of the ENDOR spectrum but greatly 

underestimates its width. One takeaway from the comparison of the simulated and 

experimental ENDOR spectra is that since the simulated spectra are underestimating the 

width, the polaron cannot be delocalised over an aggregate. Delocalising the spin density 

over two or more molecules in the DFT calculation would reduce the hyperfine coupling 

constants even further and worsen the agreement with the experimental data. The 

discrepancy between the DFT and experimental results therefore cannot be due to 

aggregation effects as it was in Chapter 6. 

7.6 Conclusion 

The first experimental identification of the negative polaron on the non-fullerene 

acceptors ITIC and IDTBR was achieved using LEPR.  The negative polaron of both 

acceptors overlaps with the positive polaron of P3HT which prevents direct identification. 

However, by simulating the spectra across three microwave frequencies the negative 

polaron lineshapes and principal values of the g-tensors could be accurately determined. 

In addition the coupling of the polaron to 1H was investigated using ENDOR spectroscopy 

which reveals remarkably large 1H coupling in ITIC. These results provide information 

on the electronic excited states of these important molecules and will direct and validate 

the spin density distributions and molecular conformations obtained from DFT 

calculations. 
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8 Charge Carrier Mobility of Non-Fullerene Acceptors 

8.1 Introduction 

An important property of any acceptor is its electron mobility. In order to study the 

materials of the previous chapter further, the electron mobility was measured using Time 

of Flight (ToF). The electron mobility of neat ITIC was found to increase from 6 x 10-5
 

cm2 V-1 s-1 to   1 x 10-4 cm2 V-1 s-1
 over the measured field range of 1.1 x 105 V cm-1 to   

2.2 x 105 V cm-1. When blended with the donor PTB7-Th the electron mobility is 

unchanged, with the neat and blend both having an electron mobility of                                          

8(2)x 10-5 cm2 V-1 s-1 
 at 1.5 x 105 V cm-1 which indicates that the microstructure of the 

blend does not limit the electron mobility. In addition the hole mobility of the blend was 

also measured and found to be approximately a factor of two to three higher than electron 

mobility at similar electric fields, which indicates that the mobility in PTB7-Th:ITIC is 

reasonably well balanced. This chapter lays the groundwork for a larger study into the 

mobility of non-fullerene acceptors. 

8.2 Background 

As discussed in Chapter 7, the field of OPV has been dominated by blends of conjugated 

polymer donors and fullerene based acceptors. This is now changing, with several novel 

non-fullerene acceptors recently reported that have achieved efficiencies approaching 

those of fullerene based cells.[1, 2] In the previous chapters of this thesis the influence that 

processes such as charge separation, triplet exciton formation and charge recombination 

have on the operation and performance of OPV cells has been investigated. Another key 

parameter which determines the efficiency of OPV cells is the mobility of the charge 

carriers. After charge separation there is competition between charge extraction and 

recombination; the longer it takes for the charge carriers to be extracted, the more are lost 

to recombination processes. The extraction time is determined by the morphology of the 

cell and the mobility of charge carriers, and low charge carrier mobility will therefore 

result in loss of JSC and fill factor. In addition the electron and hole mobility should be 

approximately balanced to prevent charge build up and loss of fill factor. One of the key 

properties that has made fullerenes so successful is their high electron mobility which few 

other acceptors are able to achieve.[2] For non-fullerene cells to become the new standard 
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in OPV, mobilities comparable to those of fullerene need to be achieved.  One of the most 

promising new acceptors is ITIC which achieved an efficiency of 6.8 % when blended 

with PTB7-Th.[3] Accurately determining the charge carrier mobility in this material is 

important to understand the sources of the performance loss and to influence the 

development of new acceptors. The mobility of neat ITIC and the blend with PTB7-Th 

was therefore investigated using ToF. 

8.3 Materials 

8.3.1 ITIC 

 

Figure 8.1 Chemical structure of ITIC. 

As explained in Chapter 7, ITIC has achieved efficiencies of up to 6.8 % when blended 

with PTB7-Th and over 11 % with PBDB-T.[3, 4] The structure is shown in Figure 8.1 and 

consists of central donor core of indacenodithieno[3,2-b]thiophene with two flanking 2-

(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile acceptor units. ITIC was purchased 

from 1-Material (NFA005) and used without further purification. 
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8.3.2 PTB7-Th 

 
Figure 8.2 PTB7-Th chemical structure. 

PTB7-Th (also known as PCE10 and PBDTTT-EFT) is an iteration of the PTB7 design 

with two additional conjugated thiophene side groups. These side groups extend the 

absorption further into the red and therefore enable greater photon harvesting compared 

with PTB7.[5] As a result of this improved harvesting, PTB7-Th based cells have reached 

efficiencies of nearly 11 %.[6] PTB7-Th was purchased from 1-Material (OS0100) and 

used without further purification. 

8.4 Experimental 

8.4.1 Sample Preparation 

An anode of PEDOT:PSS (Heraeus Clevios P VP AI 4083) was deposited onto cleaned 

ITO substrates by spin-coating at 4000 rpm. The substrates were then annealed on a 

hotplate at 120 °C for 20 minutes to remove residual water. The active layer for the TOF 

measurements was deposited using the drop casting method (see Section 4.5.2). It proved 

to be highly challenging to obtain good quality films of neat ITIC due to its tendency to 

aggregate and form islands during drop casting. Chlorobenzene, dichlorobenzene, 

trichlorobenzene and tetrachloroethane were tested as drop casting solvents. Using 

chlorobenzene and dichlorobenzene no continuous film was formed upon drop casting. 

Trichlorobenzene solutions were marginally more successful and formed a semi-

continuous film; however the patchy nature prohibited cell fabrication as it would result 

in short circuit. Tetrachloroethane proved to be most successful solvent and formed a 

continuous film with acceptable roughness. For ToF measurements ITIC was dissolved 
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in tetrachloroethane at a concentration of 40 mg cm-3 and left stirring at 50 °C overnight 

inside a nitrogen glovebox. The solution was then passed through a 0.45 μm filter to 

remove undissolved particles, pipetted onto the substrates and left to dry overnight inside 

the glovebox. A top contact of 10 nm calcium followed by 20 nm aluminium was 

deposited using thermal evaporation. Cells using the PTB7-Th:ITIC blend were prepared 

in analogous manner, where ITIC and PTB7-Th were dissolved in tetrachloroethane in a 

1.0:1.3 ratio with a total concentration of 30 mg cm-3. 

8.4.2 ToF Measurement 

The ToF mobility was measured using the detection circuit and dye laser described in 

Section 4.5.3. The cell was excited with a short 715 nm laser pulse through the Ca/Al 

electrode for hole mobility and through the PEDOT:PSS/ITO for electron mobility. The 

laser pulse energies used were such that the extracted charge was around ~10 % of the 

total capacitor charge of the cell in most measurements. 

8.5 Results 

8.5.1 Electron Mobility of Neat ITIC 

The electron mobility of neat ITIC was measured using the ToF method. The drop cast 

ITIC films had thickness between 1.4 and 1.6 μm. The peak absorption wavelength of 

ITIC is around 700 nm.[3] In order to minimise the absorption depth of the excitation pulse 

into the sample it is important to excite the sample where it absorbs strongest. A pyridine 

1 dye laser was therefore constructed (see Section 4.5.3) and used as the pump source 

which has a lasing wavelength of 715 nm. The cell was placed under reverse bias and 

excited through the PEDOT:PSS electrode and electrons collected at Ca/Al electrode. The 

electron photocurrent transients of neat ITIC cells after photoexcitation are shown in 

Figure 8.3 at two different electric fields. The transients are shown in a linear scale in 

panels (a) and (c) and are featureless with no sign of a plateau, which indicates that the 

electron transport is highly dispersive.  Dispersive transients are a common occurrence in 

organic semiconductors and the transients are therefore plotted on a double log scale, as 

shown in panels (c) and (d), which enhances the clarity of the transition from the plateau 

to tail region. However it can be seen that even in the double log scale the change in 

gradient between the plateau and tail regions is minimal which makes determination of 
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transit time difficult. Linear fits were applied to these two linear regions and the 

intersection of the fits used to determine the transit time. As the electric field is increased 

the transit time decreases as would be expected and indicates that the chosen transit time 

is physically real and not an experimental artefact. The transit time could only be 

determined over a narrow field range of 1.1 x 105 V cm-1 to 2.2 x 105 V cm-1. At fields 

below 1.1 x 105 V cm-1 the signal to noise is too poor to determine the transit time. As the 

cell is composed solely of ITIC there is no electron transfer to break apart the exciton. 

Instead the exciton is broken apart by the applied electric field and the magnitude of the 

photocurrent transient is therefore strongly field dependent and weak at low fields. The 

upper limit of the electric field is due to the transient becoming increasingly dispersive as 

the electric field is increased.  This can be seen by comparing the linear fits in panel (c) 

with those in (d). At the higher electric field in panel (d) the difference in gradient between 

the two linear regions is less pronounced than in (c). This trend continues as the electric  

 

  

  
Figure 8.3 Electron photocurrent transient of ITIC. The transient at E = 1.1 x 105 V cm-1 is shown in (a) linear 

and (c) double scales. The transient at E = 1.8 x 105 V cm-1
 is shown in (b) linear and (d) double scale. 
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field is increased until the two gradients are equal and the kink vanishes, which defines 

the maximum electric field of the measurement. Increasing dispersion with electric field 

has been shown to occur in heterogeneous systems using Monte Carlo simulations and is 

due to spatial disorder in the system.[7] A similar mechanism may be responsible here. If 

there is large distribution of hopping distances (high spatial disorder) then there will be 

‘dead ends’ in the transport pathway and the carriers may need to hop against the field to 

progress. The time the carriers spend stuck at these dead ends gets longer as the field 

strength is increased and the dispersion of the charge carrier packet therefore increases as 

the electric field is increased, causing the kink to disappear.  

The variation of the transit time across the utilisable electric field range was measured on 

two cells, and the mobility calculated using Eq 4.18. The electric field dependence of the 

mobility is shown in a Poole-Frenkel plot,[8] in Figure 8.4. It can be seen that the mobility 

increases with applied field which is the expected behaviour for field assisted hopping 

transport according to the Gaussian disorder model of charge transport as long as spatial 

and energetic disorder are not too large (See Section 2.2.5).[9] Over the field range 

measured the mobility varies from about 6 x 10-5
 cm2 V-1 s-1 to 1 x 10-4 cm2 V-1 s-1. For 

comparison the electron mobility of PC71BM measured at an electric field of  

 

 

Figure 8.4 Poole Frenkel plot of electron mobility in neat ITIC films. 
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0.9 x 105 V cm-1 using the ToF method is 1.0(2) x 10-3 cm2 V-1 s-1,[10]  while the electron 

mobility in ITIC at a similar field of 1.2 x 105 V cm-1 is over an order of magnitude lower 

at 7(2) x 10-5 cm2 V-1 s-1. This shows that while electron mobilities in non-fullerene 

acceptors are improving they have not yet reached the level achievable using fullerenes. 

The mobility of ITIC has been previously measured by using the Space Charge Limited 

Current (SCLC) method. SCLC is a good method to measure the mobility during rapid 

material screening. However the success of a SCLC measurement depends crucially on 

the formation of an ohmic injection electrode which can be difficult to achieve in many 

materials.[11] In addition it is difficult to determine the field dependence of the mobility 

using SCLC and the SCLC mobility is therefore frequently quoted as a single field 

independent number. The reported SCLC electron mobility of ITIC is 2.6 x 10-4                

cm2 V-1 s-1,[3] which is around a factor of two higher than the highest mobilities observed 

here. Directly comparing SCLC and ToF mobility values is difficult as the single mobility 

value obtained using SCLC is an oversimplification, though it appears to be reasonable 

agreement to the electron mobility measured here.  

8.5.2 Electron and Hole Mobility of PTB7-Th:ITIC 

The mobility can vary strongly on the morphology of the film and is therefore expected 

to differ when the acceptor is blended with a donor to form a bulk heterojunction. Since 

ITIC is blended with the donor PTB7-Th in high performance cells,[3] the electron and 

hole mobilities of PTB7-Th:ITIC films were therefore measured. Drop casting was used 

to deposit PTB7-Th:ITIC films 4 μm to 10 μm in thickness. Electron photocurrent 

transients of PTB7-Th:ITIC are shown in Figure 8.5. Similarly to the neat ITIC, the 

transients on a linear scale are featureless and a kink is only visible on the double log 

scale. At low electric fields the kink is far more pronounced than in neat ITIC. This is 

likely due to greater confinement of the initial photogenerated charge carrier sheet in the 

blend. Neat ITIC films were a little over 1 μm thick while the blend varies from 4-10 μm. 

This increased thickness coupled with the higher absorption coefficient of PTB7-Th 

reduces the absorption depth of the laser pulse, resulting in greater spatial confinement of 

the photogenerated carriers and lower dispersion in the transient. As the electric field is 

increased the kink becomes less pronounced and eventually vanishes; the same behaviour 

that was observed for neat ITIC. 
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Figure 8.5 Electron photocurrent transient of PTB7-Th:ITIC. The transient at E = 0.6 x 105 V cm-1 is shown in 

(a) linear and (c) double log scale. The transient at E = 1.1 x 105 V cm-1
 is shown in (b) linear and (d) double log 

scale. 

In some of the measured cells the photocurrent transients exhibited two kinks which are 

shown in Figure 8.6. Double transients have been observed previously in ToF studies of 

P3HT:PC61BM and PTB7:PC71BM and were attributed to a high degree of phase 

separation in the blend.[10, 12] The transit time from the first kink, tfast, decreases as the 

electric field is increased and has similar value to the transit times in Figure 8.5. In 

contrast the transit time from the second kink, tslow, gets longer as the electric field is 

increased, reaching times of 4 ms at the highest electric field. While this second kink 

could in principle be due to deep trapping or dead ends in the transport network; the 

exceptionally long transit time and increasing extraction time with field suggests that that 

the second kink may be an experimental artefact or due recombination of trapped charges, 

and these delayed transit times were therefore disregarded.  
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Figure 8.6 Electron photocurrent transient of ITIC:PTB7-Th exhibiting double kinks. The transient is shown at       

(a) E = 1.1 x 105 V cm-1 
 and (b)  E = 2.6 x 105 V cm-1. 

The electron mobility was calculated using Eq. 4.18 and its variation with electric field 

shown in Figure 8.7. It can be seen that, in contrast to neat ITIC, the electron mobility in 

the blend exhibits a negative field dependence. This behaviour has been observed 

previously in ToF studies of similar blends,[7, 10, 13] and arises from high spatial disorder 

in the bulk heterojunction.[9, 14] The electron mobility varies from 1.4–0.5 x 10-4 cm2 V-1 

s-1
 over the measured field range which is in agreement to value obtained from SCLC of     

1.1 x 10-4 cm2 V-1 s-1. At an electric field of 1.5 x 105 V cm-1 the electron mobility in the 

blend is 8(2) x 105 cm2 V-1 s-1
 compared with 8(2) x 105 cm2 V-1 s-1

 in the neat ITIC 

 

 

Figure 8.7 Poole Frenkel plot of electron mobility in PTB7-Th:ITIC. 
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film, demonstrating that blending the acceptor with PTB7-Th does not significantly alter 

the electron mobility. 

For comparison the hole mobility of the ITIC:PTB7-Th cells was also measured. The hole 

photocurrent transients are shown in Figure 8.8 and exhibit similar behaviour to the 

electron transient, with the dispersion increasing with electric field. This increasing 

dispersion severely limited the measureable field range.  

  

  

Figure 8.8 Hole photocurrent transient of ITIC:PTB7-Th. The transient at E = 0.3 x 105 V cm-1 is shown in (a) 

linear and (c) double scales. The transient at E = 1.0 x 105 V cm-1
 is shown in (b) linear and (d) double scale. 

A Poole-Frenkel plot of the hole mobility is shown in Figure 8.9. At a field of E =               

0.9 x 105
 V cm-1 the hole mobility is 2.2(6) x 10-4

 cm2 V-1 s-1
 compared with 1.0(2) x 10-4

 

cm2 V-1 s-1
 for the electron, indicating that the electron and hole mobilities are reasonably 

well balanced is this blend. The measured hole mobility is similar to that previously 

reported for PTB7:PC71BM blends,[10] but is significantly higher than the value of               

4.3 x 10-5
  cm2

 V-1
 s-1

 measured using SCLC.[3] This discrepancy may be due to the fact 
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that charge carriers in ToF are photogenerated high in their density of states and then 

relax during the measurement which leads to a higher effective mobility or due to 

morphological differences in the films.[7, 15] The gradient of the negative field dependence 

of the hole mobility in Figure 8.9 is approximately a factor of three greater than exhibited 

by the electron mobility in Figure 8.7. While this increased negative field dependence 

could in principle arise from a larger spatial disorder in the hole transport network, this 

should be interpreted with caution as the field range that the hole mobility was measured 

over is rather limited. It has been shown that ToF may overestimate the mobility when 

the electric field is low which gives rise to an artificially strong negative field dependence 

that levels out at higher electric fields.[16] This effect may also be partly responsible for 

higher mobility measured by ToF compared to SCLC. 

 

 

Figure 8.9 Poole Frenkel plot of hole mobility in ITIC:PTB7-Th. 

Finally, a comparison of the field dependence of the three measured mobilities is shown 

in Figure 8.10 which highlights the similarity between the electron mobility in neat ITIC 

and the blend and the higher mobility exhibited by the holes. Work is currently underway 

to expand the number datasets in this plot, with measurements being undertaken on blends 

with different polymers, weight ratios and other new acceptors such as IDTBR. 
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Figure 8.10 Comparison of electron and hole mobility of the blend and neat ITIC. 

 

8.6 Conclusion 

The electron and hole mobilities of ITIC and ITIC:PTB7-Th blends were measured using 

the ToF technique. The electron mobility of ITIC exhibits a positive field dependence and 

varies from 6 x 10-5
 cm2 V-1 s-1 to 1 x 10-4 cm2 V-1 s-1

 over the measured field range of     

1.1 x 105 V cm-1 to 2.2 x 105 V cm-1
. When ITIC is blended with PTB7-Th the field 

dependence of the electron mobility becomes negative due to increased spatial disorder 

in the bulk heterojunction. However  the magnitude is approximately unchanged with 

both neat ITIC and the blend having a mobility of 8(2)x 10-5 cm2 V-1 s-1 
 at 1.5 x 105 V 

cm-1 which shows that the electron transport is not hindered by the inclusion of the 

polymer. For comparison the hole mobility in the blend was also measured and found to 

be approximately a factor of two higher than electron mobility, which shows that the 

mobility in this blend is reasonably well balanced. 

 

 

 



8-13 
 

8.7 References 

1. W. Q. Chen and Q. C. Zhang, Recent progress in non-fullerene small molecule 
acceptors in organic solar cells (OSCs). J. Mater. Chem. C  5 (6), 1275-1302 (2017). 

2. N. Liang, W. Jiang, J. Hou and Z. Wang, New developments in non-fullerene small 
molecule acceptors for polymer solar cells. Materials Chemistry Frontiers  1 (7), 
1291-1303 (2017). 

3. Y. Z. Lin, J. Y. Wang, Z. G. Zhang, H. T. Bai, Y. F. Li, D. B. Zhu and X. W. Zhan, 
An Electron Acceptor Challenging Fullerenes for Efficient Polymer Solar Cells. Adv. 

Mater.  27 (7), 1170-1174 (2015). 

4. W. C. Zhao, D. P. Qian, S. Q. Zhang, S. S. Li, O. Inganas, F. Gao and J. H. Hou, 
Fullerene-Free Polymer Solar Cells with over 11% Efficiency and Excellent Thermal 
Stability. Adv. Mater.  28 (23), 4734-4739 (2016). 

5. S. H. Liao, H. J. Jhuo, Y. S. Cheng and S. A. Chen, Fullerene Derivative-Doped Zinc 
Oxide Nanofilm as the Cathode of Inverted Polymer Solar Cells with Low-Bandgap 
Polymer (PTB7-Th) for High Performance. Adv. Mater.  25 (34), 4766-4771 (2013). 

6. Q. Wan, X. Guo, Z. Y. Wang, W. B. Li, B. Guo, W. Ma, M. J. Zhang and Y. F. Li, 
10.8% Efficiency Polymer Solar Cells Based on PTB7-Th and PC71BM via Binary 
Solvent Additives Treatment. Adv. Funct. Mater.  26 (36), 6635-6640 (2016). 

7. J. M. Frost, F. Cheynis, S. M. Tuladhar and J. Nelson, Influence of polymer-blend 
morphology on charge transport and photocurrent generation in donor-acceptor 
polymer blends. Nano Lett.  6 (8), 1674-1681 (2006). 

8. J. G. Simmons, Poole-Frenkel Effect and Schottky Effect in Metal-Insulator-Metal 
Systems. Phys. Rev.  155 (3), 657-& (1967). 

9. H. Bassler, Charge Transport In Disordered Organic Photoconductors - A Monte-
carlo Simulation Study. Physica Status Solidi B-Basic Research  175 (1), 15-56 
(1993). 

10. B. Ebenhoch, S. A. J. Thomson, K. Genevicius, G. Juska and I. D. W. Samuel, Charge 
carrier mobility of the organic photovoltaic materials PTB7 and PC71BM and its 
influence on device performance. Org. Electron.  22, 62-68 (2015). 

11. A. Kokil, K. Yang and J. Kumar, Techniques for characterization of charge carrier 
mobility in organic semiconductors. J. Polym. Sci. Pt. B-Polym. Phys.  50 (15), 1130-
1144 (2012). 

12. A. Baumann, J. Lorrmann, C. Deibel and V. Dyakonov, Bipolar charge transport in 
poly(3-hexyl thiophene)/methanofullerene blends: A ratio dependent study. Appl. 

Phys. Lett.  93 (25), 3 (2008). 



8-14 
 

13. A. M. Ballantyne, L. Chen, J. Dane, T. Hammant, F. M. Braun, M. Heeney, W. Duffy, 
I. McCulloch, D. D. C. Bradley and J. Nelson, The effect of poly(3-hexylthiophene) 
molecular weight on charge transport and the performance of polymer : fullerene solar 
cells. Adv. Funct. Mater.  18 (16), 2373-2380 (2008). 

14. A. J. Mozer and N. S. Sariciftci, Negative Electric Field Dependence of Charge 
Carrier Drift Mobility in Conjugated, Semiconducting Polymers. Chem. Phys. Lett.  
389 (4-6), 438-442 (2004). 

15. J. C. Blakesley, F. A. Castro, W. Kylberg, G. F. A. Dibb, C. Arantes, R. Valaski, M. 
Cremona and J. S. Kim, Towards reliable charge-mobility benchmark measurements 
for organic semiconductors. Org. Electron.  15 (6), 1263-1272 (2014). 

16. G. Juska, K. Genevicius, K. Arlauskas, R. Osterbacka and H. Stubb, Charge Transport 
at Low Electric Fields in Pi-conjugated Polymers. Physical Review B  65 (23), 4 
(2002). 



9-1 
 

9 Conclusions 

This thesis explored how EPR and EDMR spectroscopy can help further the 

understanding of OPV. OPV is a fascinating technology in terms of both the underlying 

physics and its potential role as a low carbon energy source. While cell efficiencies have 

improved threefold over the past 15 years they are still lower than other competing thin 

film PV technologies.[1] Innovative materials design, improved device engineering and a 

greater understanding of the loss pathways will be required to further improve efficiencies 

and open the door to commercialisation. Short cell lifetimes also remain an issue that 

must be overcome. Intrinsic degradation processes such as phase instability and extrinsic 

mechanisms due to water, oxygen and light exposure therefore need to be understood and 

eliminated in order to improve cell stability and extend operational lifetimes. As EPR 

spectroscopy is exclusively sensitive to species with spin it is a particularly well suited to 

study the operation of OPV cells, in which the desired process is the dissociation of an 

initial singlet exciton into free electrons and holes. In addition, loss mechanisms such as 

charge carrier recombination and triplet exciton formation involve states with net spin 

which makes EPR a powerful method for their study. The goal of this thesis was to use 

EPR and EDMR spectroscopy to investigate charge separation and competing loss 

pathways in OPV cells and to gain a greater understanding of some of the potential 

degradation mechanisms so that they can be mitigated in future cell designs.  

Many of the highest performing OPV blends are also those most susceptible to 

degradation. An example of such a blend is PTB7:PC71BM which boasts impressive 

efficiencies of over 9 %,[2] but suffers from severely reduced performance when processed 

under ambient atmosphere.[3-5] Good ambient processability is important for OPV 

materials as one of their main advantages over other thin film PV technologies is their 

ability to be solution processed using large area and high throughput roll-to-roll 

techniques.[6] Since it is likely that such large area processing will be carried out under 

ambient atmosphere rather than the controlled inert environment of a glovebox used in 

research cells, it is important that OPV blends retain their high efficiency when processed 

under ambient atmosphere.[3] A study of the ambient processing performance loss in 

PTB7:PC71BM was undertaken and presented in Chapter 5. It was shown that the 

efficiency drop when cells are processed under ambient atmosphere is substantially worse 
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when the cells contain the solvent additive 1,8-diiodooctane (DIO) with a relative PCE 

drop of 73 % for DIO containing cells compared with 31 % for non-DIO cells, in 

agreement with previous observations.[5] Using variable light intensity J-V analysis the 

origin of the performance loss was determined to arise from a substantial increase in trap 

assisted recombination. To gain insight into the underlying cause of the recombination, 

the cells were analysed using EDMR spectroscopy. The EDMR response was found to be 

a factor of 50 greater in those cells which had been exposed to both ambient atmosphere 

and DIO. This shows that a strong spin-dependent transition forms when DIO containing 

cells are exposed to ambient atmosphere and likely corresponds to the trap assisted 

recombination process identified by the variable light intensity J-V analysis. Using pulsed 

EDMR and selective carrier injection the spin dependent mechanism was confirmed to 

consist of a weakly coupled electron and hole undergoing spin-dependent recombination. 

By comparing the EDMR spectra of the neat components PC71BM and PTB7 to the blend, 

the recombination mechanism was assigned to mobile holes on the PTB7 recombining 

with electrons localised to oxidised PC71BM traps. This study shows that exposure of 

DIO containing PTB7:PC71BM films to ambient atmosphere leads to oxidation of the 

PC71BM which acts as a recombination centre in the cell, resulting in increased trap 

assisted recombination and loss of efficiency. The solvent additive DIO is a key agent in 

this trap formation process. The OPV field should therefore move away from DIO 

towards more inert solvent additives in order to improve the ambient processability of 

OPV cells. In the broader picture it is hoped that this study also demonstrates that EDMR 

can be a powerful technique for studying recombination and degradation mechanisms in 

OPV cells.  

There are several directions to expand upon the study presented in Chapter 5. One 

possibility is the investigation of other materials systems such as those containing non-

fullerene acceptors to determine if the oxidation reported here is unique to fullerenes. It 

would also be interesting to explore whether the degradation arising from dark exposure 

to oxygen, photo oxidation and DIO induced oxidation results in the same degraded 

species and investigate the ability of EDMR to distinguish between them. Given its high 

sensitivity it would be beneficial to investigate the applicability of EDMR spectroscopy 

to study other loss processes in OPV cells, such as the rapid ‘burn-in’ performance loss 
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when PTB7:PC71BM cells are exposed to UV light which appears to be due to an intrinsic 

instability of the material system that is not yet fully understood.[7] 

The main avenue for further improving OPV efficiency is continued materials 

development. Replacement of the conjugated polymer electron donor with a small 

molecule is a possible approach as small molecules have reduced batch to batch variation 

which enables the fabrication of OPV cells with more reproducible performance,[8] and 

their well-defined molecular structures allow greater energy level control.[9, 10] 

Furthermore small molecules often have a simpler synthetic work-up than polymers and 

are easier to purify which could lower cell costs.[8, 11] The operation of small molecule 

cells has received much less attention than their polymeric counterparts, particularly from 

an EPR perspective. In Chapter 6 an EPR study of the DTS family of small molecule 

donors was presented. Blends of the five donors with PC61BM were studied using LEPR 

spectroscopy and the spectral signatures and g-tensors of the positive polarons on the 

donor molecules determined for the first time. The study was supported by DFT 

calculations and comparison of the experimental and DFT g-tensors indicated that the 

positive polaron is delocalised over 2-3 molecular units of the donor. To confirm this, 

ENDOR spectroscopy was used to measure the hyperfine coupling constants of positive 

polarons. The measured coupling constants were consistent with those obtained from 

DFT calculations for a polaron delocalisation over 2-3 donor molecules. This study 

therefore demonstrates that the positive polarons in the DTS family of donors are 

intermolecularly delocalised which will aid charge separation in these systems and may 

be a contributing factor in their high efficiency. A valuable future study would be to 

expand upon this work by systematically investigating how the extent of the 

intermolecular delocalisation influences charge separation in these systems. 

The second half of Chapter 6 presents a time-resolved EPR study of the charge 

separation dynamics and triplet exciton formation pathways across the DTS family. The 

polarisation patterns of the polaron pair spectra showed that charge separation in the blend 

with the DTS(PTTh2)2 donor is slower than in the four fluorobenzothiadiazole donor 

blends and involves a longer lived primary or intermediate polaron pair. Triplet exciton 

formation was detected in all blends studied. Simulations of the triplet exciton spectra 

show that there is a higher population of triplet excitons generated through back electron 
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transfer from the triplet polaron pair in the DTS(PTTh2)2 blend. The higher population of 

back electron transfer excitons supports the assignment of slower charge separation in the 

DTS(PTTh2)2 blend since slower charge separation results in a longer S-T0 mixing time 

and an increased likelihood for back electron transfer to occur. This result shows that back 

electron transfer to the triplet of the donor is a loss mechanism in these molecular systems 

when charge separation is slow.  

A future direction of this work is to investigate the role that film morphology plays. In 

the presented study the charge separation and triplet exciton formation were measured in 

frozen solutions and thick solution cast films. The charge separation and exciton 

formation behaviour was found to be broadly similar in both cases despite the difference 

in morphology.  A future study should move towards samples that are closer in 

morphology to those used in high efficiency thin film cells and investigate whether there 

is any change in behaviour when thin film morphologies are used. The move towards thin 

films will prove a challenge due to signal to noise limitations of TR-EPR spectroscopy. 

Combining the TR-EPR spectroscopy with other more sensitive techniques such as the 

recently reported transient EDMR spectroscopy setup would likely prove crucial.[12] 

A major shift in the OPV field during the time frame of this thesis has been the recent 

rapid development of high efficiency non-fullerene acceptors. The majority of the 

efficiency enhancement enjoyed by OPV cells over the past 15 years has been due to the 

design of new electron donors with improved absorption, optimised energy levels and 

higher charge mobilities. In contrast there was very little development of new acceptors 

as none were able to match the efficiency of the well-established methanofullerene 

derivatives. While efficient, fullerene derivatives suffer from high production costs and 

poor absorption characteristics,[13, 14] and are also particularly sensitive to degradation as 

shown by the results of Chapter 5.  Recent progress in non-fullerene acceptors has been 

highly promising as they are now achieving efficiencies comparable to fullerene 

derivatives.[13, 14] Due to their simpler synthesis, improved stability and their greater scope 

for further improvement, non-fullerene acceptors will likely become the new standard in 

OPV cells. Very little was known about non-fullerene acceptors from an EPR perspective 

and two high performance non-fullerene acceptors ITIC and IDTBR were therefore 

investigated in Chapter 7.  
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In this study light induced EPR was used to characterise the negative polarons on ITIC 

and IDTBR. The negative polaron on both acceptors was found to severely overlap with 

the positive polaron on P3HT which made identification difficult. To determine the 

signatures of the negative polarons, the spectra were measured and simulated across three 

microwave frequencies which enabled the g-tensors to be accurately determined. 

Knowledge of the g-tensor is important as it characterises the structure and symmetry of 

the photoinduced excited state of these molecules. It is hoped that results can direct and 

validate the geometries and spin density distributions predicted from DFT calculations 

which are currently ongoing. It would be beneficial to repeat the measurements presented 

here using blends with a different donor polymer.  As the g-tensors of the negative 

polarons are now known, the donor polymer can be chosen such that the positive and 

negative polarons have minimum overlap which would enable the negative polaron to be 

more directly observed and increase the accuracy of the reported g-tensor.  

Due to the importance of non-fullerene acceptors their charge carrier mobility was also 

studied and was presented in Chapter 8. The electron and hole mobility of ITIC and     

ITIC:PTB7-Th were measured using the time of flight technique. The electron mobility 

of ITIC and ITIC:PTB7-Th was found to be similar with a value of 8(2)x 10-5                    

cm2 V-1 s-1 
 at 1.5 x 105 V cm-1 which shows that the electron transport is not hindered by 

the microstructure of the blend. For comparison the hole mobility of the blend was also 

measured and found to be only a factor of 2-3 higher than the electron mobility, which 

indicates that the mobility is reasonably well balanced in this blend and is therefore likely 

not a limiting factor in cell performance. This chapter lays the groundwork for a larger 

study on the charge carrier mobility of non-fullerene acceptors and the influence that it 

has on cell performance, which is currently being undertaken. 

Overall the thesis has shown that EPR and EDMR spectroscopy can help further the 

understanding of the operation of OPV cells and complement the more common 

optoelectronic characterisation techniques.  
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