
        

University of Bath

PHD

Towards Understanding Mechanisms of Charge Transfer in Organic Semiconductors

Macdonald, Josh

Award date:
2021

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 23. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/5f232ce7-5079-45cf-a989-be2b15996c70


 
 

 

 

 

Towards Understanding Mechanisms of 
Charge Transfer in Organic 

Semiconductors 
 

Joshua William Richard Macdonald 

 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

University of Bath 

Department of Physics 

April 2021  





i 
 

Copyright Notice 

Attention is drawn to the fact that copyright of this thesis/portfolio rests with the 

author and copyright of any previously published materials included may rest with 

third parties. A copy of this thesis/portfolio has been supplied on condition that 

anyone who consults it understands that they must not copy it or use material from 

it except as licenced, permitted by law or with the consent of the author or other 

copyright owners, as applicable. 

 

Access to this thesis in print or electronically is restricted until ……………….  

Signed on behalf of the Doctoral College.................................... 

 (print name) ………………………… 

 

Declaration of any previous submission of the work 

The material presented here for examination for the award of a higher degree by 

research has not been incorporated into a submission for another degree. 

 

Signed: ............................................................ 

 

Declaration of authorship 

I am the author of this thesis, and the work described was carried out by myself 

personally, with the following detailed exceptions.  

In chapter 4, perylene-TBPA crystals were grown by Enrico Da Como, X-ray 

diffraction measurements were obtained by Gabriele Kociok-Köhn, 

photoluminescence measurements were carried out by Giacomo Piana and 

computational modelling of the charge transfer exciton was performed by Gabriele 

D’Avino and Massimiliano Comin. 

 

Signed: ............................................................  



ii 
 

Abstract 

The broad potential for real-world applications of organic semiconductors is currently 

being limited by an incomplete understanding of their fundamental physics. The 

processes by which charges transfer both between and within molecules in organic 

semiconductors are crucial to device performance and are one such area where 

further understanding is required. 

This work seeks to contribute towards filling this lack of knowledge, firstly by using 

an ordered donor-acceptor crystal as a model system with which to study the optical 

signatures of charge transfer excitons without the presence of morphological 

disorder. In doing so, we discern that dynamic dipole disorder causes a multipart 

splitting of the charge transfer state due to dipole-dipole interactions of the charge 

transfer exciton with nearest-neighbour molecular dipoles. Secondly, we seek to 

better understand the processes of charge transfer that induce doping by comparing 

two separate doping mechanisms which utilise charge transfer in two distinct ways. 

The Lewis acid dopant BCF and the integer charge transfer dopant F4-TCNQ are 

both applied to multiple polymers. By measuring the resulting films’ steady-state 

optical properties, we discern the spectral fingerprints of the two distinct doping 

mechanisms and confirm the protonation mechanism by which BCF dopes, as well 

as identifying the polaron absorptions induced by both dopants. Finally, we further 

our understanding of these doping processes by measuring their impact on ultrafast 

charge dynamics using pump-probe spectroscopy. In this study, we find that each 

dopant extends the lifetime of the exciton by enhancing the polymer mobility, albeit 

to a greater extent with BCF. Additionally, we identify a signature of doping-induced 

polaron formation in the ultrafast dynamics that changes the form of the transient 

decay. Finally, we investigate the effect of doping on the recombination of polarons, 

finding that the subpicosecond geminate recombination of polarons is suppressed 

by increased doping, while non-geminate recombination is relatively unaffected. 
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Chapter 1 

Introduction 

The field of organic semiconductors has attracted interest for as long as the value of 

semiconductors has been known [1-3]. Despite this, after several decades, organic 

semiconductors is still known as a novel or developing field, due in part to the large 

degree of complexity found in molecular systems and devices and the continuing 

need for a comprehensive understanding of processes within [4-7]. Despite such 

difficulties, there is still a strong research focus dedicated to making organic 

semiconductors suitable for devices, thanks to several advantages that organic 

semiconductors have over their inorganic counterparts [6]. 

In particular, the material properties of organic semiconductors make them 

especially suitable for novel device applications. Their flexibility - which arises from 

their weak van der Waals intermolecular bonds and lack of long-range crystallinity in 

devices - provides the potential for novel applications such as foldable or rollable 

electronic devices [8]. Their unique optical properties such as high absorption 

coefficient and fluorescent yield has lent them favourably to optoelectronic 

applications, especially as these optical properties allow for thinner devices with less 

material used than in inorganic equivalents [8-10].  Additionally, the solubility of 

organic materials allows for simple solution processing and their flexibility further 

allows for roll to roll processing in manufacturing [11-13]. Furthermore, the incredibly 

diverse array of potential molecules for organic devices also means that material 

properties can be adjusted and honed by altering the molecular structure [6]. The 

combination of these properties could make organics tremendously advantageous 

for widespread production and usage, as long as their electronic properties can be 

suitably optimised. 
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Gladly, this potential is starting to be realised in display technology, where organic 

light-emitting diodes (OLEDs) have been developed with good success thanks to the 

high luminescence efficiency and tuneable emission of organic semiconductors [14]. 

On the other hand, organic photovoltaics (OPV) have made great progress with 

record efficiencies doubling over the last decade, but still exhibit lower efficiencies 

than their inorganic and hybrid counterparts due to poorer exciton separation and 

carrier transport [15]. Nevertheless, the flexibility and strong, tuneable absorption of 

OPV opens avenues to niche photovoltaic applications such as building-integrated 

photovoltaics [16, 17], indoor photovoltaics [18-20] or off-grid solar [21, 22]. Organic 

materials’ flexibility also makes them promising for novel applications of wearable 

tech through the development of organic field-effect transistors, however these still 

have some way to go to combat poor charge mobilities compared to inorganic 

semiconductors [23]. Rubrene crystals exhibit a particularly high mobility for an 

organic system of 15 cm2 V-1 s-1, yet that is still notably lower than 1350 cm2 V-1 s-1 

and 8000 cm2 V-1 s-1 in crystalline silicon and GaAs respectively [24, 25]. 

Because of the aforementioned issues and lack of understanding of some of the 

fundamental electronic processes in organic electronics, widespread adoption of 

organic semiconductors into commercial devices has been mostly restricted to 

OLEDs, which now represent the leading edge of display technology [26]. An 

improved knowledge of the fundamental processes in organic semiconductors would 

enable the refinement of important material properties. This could lead to increased 

device performance and subsequently an enhanced uptake of organic 

semiconductors in commercial applications both novel and pre-existing. 

This work focuses on furthering the understanding of charge transfer as one of those 

processes fundamental to organic semiconductors and particularly photovoltaics. 

Excited state charge transfer is central to the separation of photoexcited species – 

and thus photovoltaic performance – while ground state charge transfer provides a 

means to extrinsically improve electronic transport properties of organic 

semiconductors via doping. An enhanced knowledge of these processes and factors 
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that govern charge transfer in organic materials can be used to allow for better fine-

tuning of material properties towards improved device performance. 

Following this chapter’s brief introduction to organic semiconductors and the work 

herein, chapter 2 will introduce in more detail the fundamental physics of organic 

semiconductors that determine their electronic properties as well as the 

fundamentals of photovoltaics. From there, the chapter will then outline the progress 

to date in the field of organic photovoltaics and the challenges and open questions 

that are still to be addressed. Chapter 3 will then give a detailed overview of the 

experimental and theoretical methods used in this study. 

The ensuing three chapters contain the results achieved in this work. Chapter 4 

investigates the impact of dynamic dipolar disorder on charge transfer excitons, 

using a molecular crystal with switchable dipole reorientation as a model system to 

study these phenomena without interfering morphological factors typically present in 

blends. 

Chapter 5 contains a spectroscopic study of the mechanism of charge transfer 

present in two forms of doping: integer charge transfer (ICT) doping, using 

tetrafluoro-tetracyanoquinodimethane (F4-TCNQ), and Lewis-acid doping using 

tris(pentafluorophenyl)borane (BCF). BCF is a novel dopant with encouraging early 

results, so the determination of its doping mechanism and its impact on optical and 

vibrational absorptions in chapter 5 is important for a better understanding of its 

efficacy and applicability. 

This comparative study is then extended in chapter 6, which contains a pump-probe 

spectroscopy study into the impact of each dopant on the ultrafast photophysics of 

polymer films. This work is carried out using a self-built pump-probe experiment and 

determines the effects of BCF and F4-TCNQ doping on both exciton and polaron 

dynamics in the homopolymer P3HT and copolymer PTB7. 

Finally, chapter 7 draws the results together and presents the overall conclusions of 

this work, as well as outlining some remaining questions to be answered by 

suggested further research. 
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Chapter 2 

Background 

In this chapter, an overview of the relevant background information is provided. In 

section 2.1, the underlying physics of organic semiconductors is described, 

focussing especially on the behaviour of charges and charge carriers in such 

materials. In section 2.2, the fundamentals of photovoltaics are introduced, before a 

review of recent research in the area of organic photovoltaics is provided, including 

outstanding questions remaining to be answered. 

2.1 Physics of organic semiconductors 

2.1.1 Electronic structure of organic semiconductors 

Much interest in the physics of organic semiconductors arises from the fact that the 

molecular structure of organic semiconductors gives them very different electronic 

properties than their crystalline inorganic counterparts. While intermolecular bonding 

is achieved by weak van der Waals forces, the bonds between atoms inside 

individual molecules are covalent in nature. The properties of these stronger 

intramolecular bonds strongly influence the properties of the overall system and 

require understanding to comprehend the electronic properties of the bulk.  

The basic electronic properties of an organic molecule arise from the carbon atoms 

present in the structure and how their orbitals interact with their neighbouring atoms. 

The ground state of a lone carbon atom is 1s22s22p2, but in the presence of other 

nearby atoms it can form hybrid orbitals with the energy gained from forming 

bonds [10]. The carbon atom in methane, for example, forms four sp3 hybrid orbitals 

with hydrogen atoms in a tetrahedral arrangement shown in figure 2.1a. 

Alternatively, three sp2 orbitals can be formed in a trigonal planar configuration 

where there exists a double bond, such as in ethylene. In this case, shown in 
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figure 2.1b, a pz orbital in each carbon atom remains unhybridised, perpendicular to 

the plane of the sp2 hybrid orbitals. These pz orbitals form a π bond between the 

carbon atoms with the π orbitals located above and below the C-C bond axis [10].  

In these double-bonded systems, the hybridised sp2 orbitals form strong σ bonds 

while the pz orbitals have a smaller wavefunction overlap and π bonds are 

subsequently weaker. Because of the strength of the σ bonds, there is a large energy 

gap between the energetically favourable σ bonding orbital and the energetically 

unfavourable σ* anti-bonding orbital. On the other hand, the weaker interaction 

between the p orbitals involved in π bonds yields a reduced energy gap between the 

π bonding orbital and the π* anti-bonding orbital. For photoexcitation of a σ-σ* 

transition, high energies into the UV are typically necessary, whereas the π-π* 

energy gap is frequently accessible to visible radiation [27]. Significantly, 

photoexcitation of an organic molecule excites the entire molecule into a higher 

energy state, as opposed to just the excitation of a free electron to a higher band [8].  

The π bonds are especially significant in organic semiconductors as they form a 

delocalised electron density out of the plane of the carbon atoms. When an organic 

molecule consists of alternating double and single bonds, such as in benzene or 

polyacetylene, this molecule is conjugated, which leads to further delocalisation. 

Figure 2.2 shows that while the drawing of alternating single and double bonds 

Figure 2.1. Orbital configuration of a) methane and b) ethylene. In part b), σ bonds are 
drawn as straight lines whereas the pz orbitals overlap and lead to a delocalised π 
bonding orbital above and below the plane of atoms. 
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(which displays a resonance of the system) is useful for notation, the π bonds are in 

fact delocalised throughout the system, such that the electron density is shared 

throughout the benzene molecule, for example. This intramolecular electronic 

delocalisation is crucial to charge transport in organic semiconductors.  

Although delocalisation within the molecule or polymer can often be extensive, the 

weak van der Waals bonds between molecules typically only provide weak 

wavefunction overlap between molecules or polymer chains and can hence restrict 

intermolecular charge transport to hopping-type intermolecular transport and cause 

large anisotropies in material conductivities [9]. Moreover, the structure of the 

molecule influences the electron wavefunction and hence can impact the 

intermolecular delocalisation, in addition to exerting a strong influence on the 

intermolecular packing and disorder [24, 28]. The wide array of possible organic 

semiconductors and their structural complexity makes these effects highly 

convoluted and challenging to comprehensively understand.  

As in inorganic semiconductors, the frontier orbitals are the most involved in carrier 

transport. The frontier orbitals in the ground state of an organic system are referred 

to as the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO); these are analogous to the valence band and conduction 

band in inorganic semiconductors. However, although the π-π* gap may provide the 

most fundamental excitation in isolated organic molecules, the spectra of bulk 

organic semiconductor systems are significantly different.  

Figure 2.2. Benzene can be displayed in each of its 
resonances, as on the left, but in reality the electrons are 
delocalised throughout, which may be represented by a 
circle. 
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Firstly, due to interactions with surrounding molecules including dipole and 

polarisation effects, the HOMO-LUMO gap of a bulk material is reduced relative to 

the π-π* gap of an isolated molecule [9]. Secondly, upon excitation, an electron is 

raised into the S1 state – however, the S0-S1 energy gap is typically lower than the 

HOMO-LUMO gap due to interactions between the highest-energy excited electron 

and both lower energy electrons and the excited hole. Additionally, each electronic 

state, Sn, also has a manifold of vibrational states that an electron can occupy in 

vibronic transitions. This is portrayed in the scheme in figure 2.3, where it is seen 

that there exist several vibrational states at each electronic state that it is possible to 

excite or relax into. It is important to note that vibrational modes in organic 

semiconductors are typically separated by 100 meV, so that the ground state at room 

temperature is the fundamental S0 state [9].  

Transitions in molecular spectra follow several rules. Firstly, Kasha’s rule specifies 

that radiative excitations and relaxations are predominantly from the fundamental 

electronic states and not any of their vibrational manifolds, as illustrated in 

Figure 2.3. Jablonski diagram showing common transitions between the ground state 
(S0) and first excited singlet (S1) and triplet (T1) state. Vibrational states are shown as 
dashed lines above each electronic state. Optical transitions are drawn in full lines, 
non-radiative transitions in dotted lines and spin-forbidden transitions are dashed lines. 
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figure 2.3 [29]. Secondly, the Born-Oppenheimer approximation states that 

electronic and nuclear motion can be considered separate in a multi-atom system, 

because of their starkly different timescales. This arises from the fact that nuclear 

masses are roughly three orders of magnitude larger than electronic masses, thus 

their motion is substantially slower. Related to this is the Franck-Condon principle, 

which determines that optical transitions are most likely to occur where no movement 

of the heavy, slow nuclei is necessary. This typically means higher vibrational states 

are more likely to be excited or relaxed into and transitions between the base 

electronic states are of low yield due to the nuclear shift they typically necessitate. 

The effects of Kasha’s rule and the Franck-Condon principle on transitions are 

shown in figure 2.4. Figure 2.4b also displays the Stokes shift: the energy difference 

between absorption and emission peaks that results from the Frank-Condon 

principle.  

Lastly, transitions between singlet and triplet states – known as intersystem 

crossing - are spin-forbidden, meaning they require some spin-orbital coupling to 

occur at an appreciable rate. As most nuclei in typical organic compounds (i.e. C, N, 

Figure 2.4. Allowed transitions in accordance with Kasha’s rule and the Franck-
Condon principle. a) Vibrational levels of S0 and S1 states for a diatomic molecule 
as a function of interatomic distance, showing the electron wavefunction at each 
vibrational level. b) Absorption and emission spectra of the molecule showing the 
component transitions between S0 and S1 and their relative strengths due to the 
Franck-Condon principle and wavefunction overlap seen in part a). Figure 
redrawn after Organic Solar Cells, Tress [9]. 



9 
 

O and S) are relatively light, spin-orbit coupling is small and intersystem crossing is 

typically slow [10]. Because of this, triplet states are typically longer lasting and 

phosphorescence (emission from a triplet state to the ground singlet state) occurs 

on a millisecond timescale as opposed to the nanosecond timescale of fluorescence 

(photon emission between states of the same multiplicity) [9]. However, intersystem 

crossing has been enhanced to improve triplet yield by incorporating heavy elements 

in organic molecules, such as iridium [30] or platinum [31], or by utilising symmetry-

breaking charge transfer [32, 33]. 

2.1.2 Excitons and charges 

The photoexcitation of an electron in organic systems yields an exciton, a neutral 

quasiparticle consisting of Coulombically bound electron in the LUMO and hole in 

the HOMO. Typically, excitons are divided into two types based on their properties: 

Frenkel and Wannier-Mott. In crystalline inorganic semiconductors, Wannier-Mott 

excitons are the dominant type due to the large relative permittivity (>10) and are 

weakly bound, with an electron-hole distance significantly larger than the lattice 

constant [25]. On the other hand, Frenkel excitons are tightly bound and generally 

highly localised (<5 Å) and in organic systems, where they are prevalent due to the 

low relative permittivity (<7), often localised on one molecule [10, 25].  

Organic semiconductor systems also often feature a third type of exciton, the charge 

transfer exciton (CTE), in which the exciton radius typically encompasses first or 

second nearest neighbour molecules with the electron on one molecule and hole on 

Figure 2.5. Illustration of the three primary types of exciton: a) Wannier-Mott, b) 
Frenkel and c) charge transfer. 

a b c 
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another [10]. CTEs therefore most often occur within molecular crystals or at 

heterojunctions between two materials. While CTEs typically involve neighbouring 

molecules, the separation between electron and hole in CTEs can be of the order of 

a few nm [34]. The effects of CTEs in organic devices will be discussed further in 

sections 2.2.3 and 4.1.  

In photovoltaic applications, the most important outcome for an exciton is to 

dissociate into free charge carriers. This may be most simply achieved by 

overcoming the exciton binding energy that is determined by the Coulomb attraction. 

For Wannier-Mott excitons in inorganic semiconductors, the binding energy usually 

equates to less than the thermal energy at room temperature (25 meV) and therefore 

those excitons can dissociate freely [35, 36]. However, Frenkel or CT excitons in 

organic semiconductors have binding energies on the order of 100s of meV so 

require a further driving force to dissociate [37, 38]. While this barrier has typically 

been overcome using an energy level offset between donor and acceptor, recent 

progress has found that such an offset is unnecessary and CTEs can dissociate by 

energy level hybridisation with a Frenkel exciton state [39] [40]. 

Despite their small exciton radius, CTEs and Frenkel excitons are often found to be 

able to move through organic crystal lattices or molecular systems. Exciton transfer 

is traditionally believed to occur either by wave-like transport, in which the exciton 

migrates coherently through the system, or by quantised hopping between two sites 

in close proximity [10]. The weak intermolecular forces in organic polymers cause 

conformational and energetic disorder which inhibits conjugation lengths and 

therefore hinders coherent transport in many polymeric systems [41]. Meanwhile, in 

molecular crystals, coupling with phonons results in exciton self-localisation [42]. 

Incoherent hopping occurs via two main mechanisms: Förster and Dexter resonance 

energy transfer. Förster transfer occurs over several nm and can be aided by an 

energy gradient or electrostatic factors. It is also dependent on the emission and 

absorption spectral overlap of emitter and absorber, respectively [9].  Alternatively, 

excitons may migrate by Dexter transfer which relies on wavefunction overlap across 

molecules and is therefore limited to 1-2 nm in range [9]. However, several individual 
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Dexter-type steps may occur sequentially to yield greater migration lengths [43]. 

Typically, Förster transfer is the more significant process for singlet exciton transport 

due to its long-range nature, while Dexter transfer is more important for triplet exciton 

transport due to the spin-forbidden transition between triplet and ground states [44]. 

In practice, the transport mechanism of excitons in organic semiconductors can often 

resemble an intermediate regime between coherent and hopping [28, 43]. The 

diffusion of excitons is highly dependent both on material structure and morphology 

for both intermolecular and intramolecular transport [45]. In particular, traps resulting 

from phenomena such as defects in the molecular/polymer structure or local 

variations in morphology act as limiters for exciton diffusion [45, 46]. On the other 

hand, crystalline regions in polymers films can enhance exciton transport, due to 

more favourable conditions for Förster transfer and increased homogeneity [44, 47]. 

The transport of charges in organic semiconductors can also show a variation 

between coherent and hopping-style transport [24, 48]. Additionally, charge 

transport may vary with external effects such as temperature [49] or electric field [50] 

and is heavily dependent on material morphology; when a system consists of both 

ordered and disordered regions, both coherent-like and hopping-like transport 

regimes are found to be present [48]. Intermediate mechanisms have been proposed 

to bridge the gap between band-like and hopping transport for charges include the 

polaron model [28] and transient localisation mechanisms [24, 51]. 

The theory of transient localisation describes that charge mobility in organic 

semiconductors is suppressed compared to semi-classical band theory principally 

by strong molecular disorder [24]. The thermal vibrations of the molecules involved 

are so significant that they induce localisations of the electronic wavefunction on 

sub-picosecond timescales [24]. This theory correctly predicts some of the band-like 

behaviour of mobilities in organic semiconductors, while also allowing for hopping 

behaviour in the case that the transient localisation length is smaller than the 

intermolecular distance [24]. The theory of polarons and their contribution to 

transport requires further detail so is discussed in the next section. 
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2.1.3 Polarons 

Due to the strong polarisability in organic systems, an excited or added charge (e.g. 

by doping) causes a lattice deformation that minimises the energy of the excess 

charge [52]. This combined charge carrier and lattice deformation is known as a 

polaron and is energetically favourable in conjugated polymers, with its energy 

residing within the HOMO-LUMO gap of the ground state [52]. Depending on the 

charge carrier involved, the hole polaron level sits just above the ground state 

HOMO, whereas the electron polaron level sits just below the ground state LUMO. 

These polaron energy levels are the HOMO or LUMO of the molecule after its 

molecular geometry is distorted [52]. 

These polaron states, shown in figure 2.6b for a hole polaron, are described as singly 

occupied molecular orbitals (SOMOs) and have been considered to develop into a 

Figure 2.6. a) Illustration of a polaron – a charge and its induced lattice distortion - in an 
ionic lattice and b) impact of a hole polaron on the energy levels of an organic system, 
highlighting the typical optical transitions observable. Bipolaron states are shown as 
dotted lines. An alternative energy diagram is shown in c) for the recent polaron model 
in which the ground state HOMO splits into a filled and unfilled singly occupied molecular 
orbital (SOMO) [53]. 
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partially-filled polaron band within the HOMO-LUMO gap when bulk intermolecular 

interactions are taken into account [53, 54]. However, recent work instead suggests 

that hole polarons induced by doping split the HOMO into an empty and full SOMO 

- above and below the initial HOMO energy respectively – and a new HOMO’ with a 

lower energy and broader width than the ground state HOMO, as shown in 

figure 2.6c [53]. The energy at which the empty SOMO and filled HOMO’ converge 

then determines the new Fermi level, shifted by the polaron to a much lower energy 

than in the neutral polymer [53]. 

The delocalisation of polarons along a polymer chain can help to explain some of 

the band-like charge transport behaviour in high-performance organic 

semiconductors. On the other hand, as molecular disorder is increased, for example 

with increasing temperature, the polaron band is reduced in width and so-called 

small polarons instead undergo hopping-like transport [55]. The polaron model 

therefore explains two phenomena of charge transport in organic semiconductors 

well, although the transition between these regimes is still under discussion and can 

depend on material properties such as molecular coupling and reorganisation 

energy [56]. 

In absorption spectra, the signature of polarons are typically two transitions P1 and 

P2 between the SOMO and the ground state HOMO or LUMO, shown in 

figure 2.6b [54, 57, 58]. The influence of intermolecular interactions means that 

polarons can be relatively confined in oligomers or delocalised over several chains 

in polymer films [57]. In the case that a polaron is delocalised across several polymer 

chains, the absorption of the low-energy polaron band P2 redshifts on account of the 

reduced energy of the polaron state allowed by the delocalisation [57, 59]. Increased 

conjugation length of the polymers tends to correspond to a greater delocalisation of 

the polaron [57]. 

If there is a high concentration of polarons, as in the case of high levels of doping, 

two polarons on the same chain may combine such that two electrons are associated 

with the same lattice distortion - this is a bipolaron [52]. The bipolaron states sit 

deeper within the HOMO-LUMO gap than polaron states, shown as dotted lines in 
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figure 2.6b, due to the greater decrease in ionisation energy, so the optical 

absorption of bipolarons are typically present between the P1 and P2 transitions (A 

higher energy bipolaron transition also exists, but has a much smaller oscillator 

strength) [52, 60]. Bipolaron absorption is more prevalent in shorter oligomers, due 

to the propensity for polarons to instead form side by side in long oligomers and 

polymers where they are not compressed together [61]. 

Finally, polaron pairs exist as an intermediate state between an exciton and a free 

polaron, wherein an excited state electron and hole carry a lattice distortion and are 

Coulombically bound, albeit with a lower binding energy than the Frenkel 

excitons [62, 63]. The enhanced delocalisation of the SOMO as well as the lower 

binding energy of the polaron pair gives this species higher dissociation rates than 

Frenkel excitons. Polaron pairs dissociate into free electron and hole polarons, so 

have been posited to play a key role in the transport of photoexcited charges [62]. 

2.2 Organic photovoltaics 

Among the many potential applications for organic semiconductors discussed 

previously, this work focuses on the advancement of materials for organic 

photovoltaics. Photovoltaics have become a key technology in the global effort to 

diversify energy sources away from fossil fuels which has seen a rapid rise in 

deployment of renewable energy. Solar power is now responsible for over 2% of 

electricity supply globally, while PV installations are still significantly increasing year 

on year, with generation increasing by 32% in 2018 [64]. However, over 95% of 

current PV deployment consists of silicon devices, with the majority of the remainder 

being cadmium telluride panels [65]. In order to understand the challenges organic 

photovoltaics face, it is important to understand how photovoltaic cells work and the 

state of the field of organic photovoltaics. 

2.2.1 Fundamentals of photovoltaics 

The key factor of any photovoltaic cell is its power conversion efficiency, η, – that is, 

the electrical power out per electromagnetic power in (i.e. the power of incident light). 
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This power is dependent on the voltage and current provided by the cell and reaches 

a maximum when the product of current and voltage is maximum, where it is given 

by  

휂 = ,     (2.1) 

where Vpp and Jpp are the voltage and current density at peak power respectively 

and Pincident is the power incident on the cell. These factors are shown in figure 2.7 

as well as the open-circuit voltage (Voc) and short-circuit current density (Jsc), two 

further factors that determine the performance of the solar cell. These four measures 

of current and voltage together provide the fill factor, FF, another performance factor 

of solar cells which essentially measures how square the J-V curve of the device is 

and the maximum power possible, defined as 

퐹퐹 =  .     (2.2)  

While the maximum efficiency of a cell can be obtained when Vpp and Jpp are 

maximised, this is constrained by a number of factors which limit it to a bandgap-

dependent value known as the Shockley-Queisser limit, which peaks at 휂 = 33.7% 

Figure 2.7. A typical J-V curve for a photovoltaic cell. Highlighted are the 
open circuit voltage (Voc), short circuit current density (Jsc), peak power point 
(PP) and the associated peak power voltage and current density (Vpp & Jpp). 
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PP
Jpp
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for a material bandgap of 1.37 eV. This limit  was determined by a detailed balance 

argument provided by the eponymous Shockley and Queisser [66, 67]. Limiting 

factors pinning the efficiency are identified as the absorption of the material, 

unavoidable radiative and nonradiative loss mechanisms such as thermalisation, 

and classical thermodynamic limits. These calculations were performed assuming 

an incident light spectrum known as AM1.5g, which is the solar spectrum at sea level 

at 48 ° angle of incidence [9]. 

Due to the inherent differences between organic and inorganic semiconductors 

(discussed earlier) in addition to some differences in the functioning and design of 

organic photovoltaics (discussed in the following paragraphs), it has been suggested 

that the Shockley-Queisser limit is not appropriate for organic solar cells. Azzouzzi 

et al. suggested a realistic limit of 20% efficiency for a 1.6 eV bandgap material, 

reduced by the high nonradiative losses of organic solar cells [68]. Earlier studies by 

Gruber et al. and Benduhn et al. suggest a 23.6% maximum limit at 1.4 eV and 

25.5% between 1.45-1.65 eV respectively [69, 70]. However, it is also worth 

caveating that earlier suggested efficiency limits have already been surpassed [71, 

72].  

The primary difference between organic and inorganic solar cells is in the nature of 

the photoexcitation. In inorganic photovoltaics, photoexcitation yields an almost 

instantaneous Wannier-Mott exciton, whereas in organic materials photoexcitation 

typically yields tightly bound excitons as discussed in section 2.1.2. Organic cells 

therefore require a second step to dissociate the exciton into free charge carriers. 

This additional step causes losses in the cell because the exciton can recombine 

instead of separating. The excitonic nature of organic photovoltaics largely stems 

from the low dielectric permittivity of organic materials compared to inorganic 

semiconductors [37]. 

One of the key differences resulting from the excitonic nature of organic solar cells 

is the active layer structure and the materials involved. In all solar cells, the excited 

electron and hole require a driving force for separation. This field is provided in 

inorganic cells by the use of a p-n or p-i-n homojunction, wherein the p and n 
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domains consist of p- or n-doped material. Electrons and holes are separated by the 

subsequent built-in electric field, with holes being carried to the p-type and electrons 

to the n-type region by a drift current as they enter the depletion region. Once within 

their respective regions, they can then diffuse to be extracted by contacts to the 

external circuit. The band diagrams for such a cell are shown in figure 2.8, wherein 

the built-in voltage and the open-circuit voltage for a cell in operation are labelled. 

On the other hand, organic photovoltaic devices typically use heterojunction 

structures, in which the p and n regions consist of materials with different 

electronegativities (donor and acceptor, respectively). At the interface between the 

donor and acceptor materials, excitons dissociate: electrons transfer to the acceptor 

while holes transfer to the donor. It is energetically unfavourable for either charge 

carrier to transfer in the other direction. In heterojunctions, the driving force for 

separation of electron and hole is thus provided by the band offset between donor 

and acceptor materials, as shown in figure 2.8c, with the quasi-Fermi level splitting 

occurring when the device is under illumination. 

a 

b 

c 

Figure 2.8. Band diagrams of an inorganic p-n junction a) in equilibrium and b) under 
illumination. c) The band diagram of a donor-acceptor interface in an organic solar cell, 
showing the quasi-Fermi level splitting which is induced by illumination. This band 
diagram neglects recombination losses in the portrayal of the quasi-Fermi levels and Voc.  
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2.2.2 Progress in OPV research 

Figure 2.9 shows the significant growth in efficiencies of organic solar cells over the 

past 20 years, although the first reported donor-acceptor organic photovoltaic cell 

was reported by Tang in 1986 [73]. The current record OPV cells have efficiencies 
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of over 18% [15, 74] and several groups have also achieved over 16% 

efficiencies [75-77], which is a great enhancement on the 2.5% flagship cells of 2 

decades ago [78] or even from the first 10% cells made within the last decade [79]. 

It is useful to discuss how the efficiencies of organic photovoltaics have grown so 

much by looking at several of the significant milestones in OPV design which have 

led to efficiency improvements. 

The first significant milestone which allowed solar cell efficiencies to progress was 

the development of the bulk heterojunction design. Initial OPV structures, such as 

Tang’s, were based on a planar heterojunction with sequentially deposited donor 

and acceptor layers [73]. However, the poor exciton diffusion lengths in organic 

materials means that exciton dissociation at the planar interface is difficult to reach 

for photoexcitations far away in the bulk. Therefore, maximising the interfacial area 

– thereby reducing the necessary exciton diffusion - by using a bulk heterojunction 

structure (illustrated in figure 2.10) with interpenetrating donor and acceptor regions 

was utilised as a strategy to enhance the free carrier generation of OPV cells for the 

first time in 1995 [80] and has been the archetypal structure since [81].  

Figure 2.10. Planar heterojunction structure of the initial OPV cells (left) compared to 
the improved bulk heterojunction structure (right) with interpenetrating donor and 
acceptor regions – represented by alternate colours - to allow for larger interfacial area 
and better CTE dissociation. In reality, both donor and acceptor regions in organic thin 
films are highly impure due to intermixing. Length scales shown are representative. 

20 nm 10-20 nm 
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Many of the early bulk heterojunction solar cells used PPV derivatives or 

polythiophenes as donor material and primary absorber, however their absorption 

spectrums are not well matched to the solar spectrum and thus short-circuit current 

was low, as not enough charges were being excited [82]. Therefore, a second 

significant enhancement in OPV performance came with the adoption of low-

bandgap copolymers as the photoactive donor material in organic solar cells [82-84]. 

Material design also took into account the charge carrier mobility of the novel 

polymers which led to efficiency enhancements using polymers such as 

PCDTBT [85], PCPDTBT [86] and PTB7 [87], which were used in cells with 

efficiencies of over 5% [87-89]. The results of such polymer design efforts can be 

seen in the increase in OPV record efficiencies between 2007 and 2015 in figure 2.9. 

The plethora of available polymers also helped with research into the fundamental 

processes within organic photovoltaics and the effects that properties such as 

molecular structure could have. For example, the structure of donor and acceptor 

moieties in copolymers was found to have a significant effect on polaron dynamics, 

while the spacing between the moieties impacted the recombination time and 

dissociation dynamics [62, 90]. Meanwhile, strong electron-withdrawing groups (for 

example, fluorinated or cyano- moieties) were found to enhance light absorption, 

charge transport and open-circuit voltages [91, 92]. Furthermore, by altering polymer 

structure, enhanced intermolecular packing and crystallinity was determined to 

improve charge transport in neat polymers but reduce charge separation due to 

phase aggregation in blends [93, 94]. These improvements in understanding of 

molecular design factors enabled incremental improvements in cell performance. 

Despite this broad array of fruitful research on donor molecules, fullerene derivatives 

remained the acceptor of choice for the vast majority of cells [95]. This was informed 

by an understanding that the good electron transport and electron withdrawing ability 

of fullerenes was important for device function [96, 97]. However, with the 

enhancement of donor properties and a better understanding of fundamental 

material factors, highly efficient non-fullerene devices were made possible from 2015 

onwards, which has resulted in a sharp increase in record efficiencies visible in 
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figure 2.9 in recent years [96]. Fullerenes, despite their good morphology, had 

severely limited absorption properties and provided limited options for molecular or 

band engineering due to their complex chemistry [98, 99]. With non-fullerene 

acceptors (NFAs), there is now availability for full manipulation of both donor and 

acceptor properties for efficient organic solar cells [100]. 

Much of the progress in non-fullerene acceptors has come as a consequence of the 

improved understanding of molecular engineering approaches that was developed 

previously with donors. The understanding of molecular engineering for beneficial 

material properties led to the development of two principal families of non-fullerene 

acceptor: perylene-diimides and fused-ring electron acceptors - fused ring electron 

acceptors in particular have yielded strong efficiencies [97, 101-103]. One significant 

factor towards the enhanced efficiencies is the improved absorption qualities of 

NFAs compared to fullerene derivatives [100]. This has yielded higher Jsc in many 

cells and has allowed a wider range of absorption in donor materials, meaning other 

beneficial donor properties can be prioritised [104, 105]. Additionally, the possibility 

for bandgap engineering in both materials has led to efficient cells with low band 

offset between donor and acceptor, therefore increasing the Voc of the cell [104, 106, 

107]. 

One other detrimental property of fullerenes is their low dielectric constant, an issue 

which, as mentioned in the previous section, leads to large efficiency losses in 

organics due to reduced exciton dissociation. On the other hand, NFAs have been 

engineered with relative permittivities increased to values as large as 9.8 [98, 108]. 

Similarly, the exciton binding energy has been found to be reduced in NFAs as 

opposed to their fullerene counterparts - due to a combination of their increased 

conjugation volume and their better dielectric function - which allows for efficient 

exciton dissociation even with lower band offsets and thus a higher Voc can be 

obtained by reducing the band offset [99, 109]. The advantages that NFAs offer have 

allowed organic photovoltaics to reach efficiencies approaching 20% and they are 

now the leading amorphous photovoltaic technology. 
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2.2.3 Challenges and open questions in OPV 

Despite the great progress in understanding the physics and raising the efficiencies 

of organic photovoltaics, there are still numerous challenges to address to get up to 

20% efficient research cells as well as to reach commercialisation. 

One of the foremost challenges in OPV is the issue of morphologies. Despite the 

amorphous nature of organic semiconductors, there can be varying degrees of 

crystallinity and intermolecular packing which have been shown to aid interchain 

exciton or charge transfer [93]. However, with too much ordering, issues can arise 

such as aggregation which leads to overly large domain size and excitons are not 

able to reach an interface [110]. One of the key issues research needs to address is 

how individual molecular properties can impact morphologies. Structural properties 

such as dipole moments and static disorder have been shown to have significant 

impact on morphologies in organic thin films [110], so the next step in molecular 

engineering would be to use these insights to design molecules with optimal degrees 

of intermolecular packing [111].  

It is also important to improve the balance of current and voltage in organic solar 

devices to obtain a good fill factor and peak power; often when the voltage losses 

are reduced, current losses end up increased or vice-versa [112]. Finding a donor-

acceptor mix with balanced current and voltage performance could yield high fill 

factor and a high peak power and therefore higher efficiencies. Part of the issue in 

materials for OPV – in particular for non-fullerene devices -  is poor charge mobility 

characteristics that lead to increased recombination (reducing Voc) and higher 

resistances (reducing Jsc) [113-115]. In addition to enhancing the morphology, as 

above, or using a ternary component [77], doping presents a useful approach to 

increase charge carrier density in the materials and therefore increase their transport 

capabilities [116]. However, doping efficiency in organics is typically poor and can 

be inhibited by poor dopant solubility in typical solution processing techniques [117]. 

Lastly, the open circuit voltage of organic photovoltaics is still typically lower than 

that present in inorganic or hybrid PV, with most cells having a Voc of less than 



23 
 

1 V [118]. Although Voc has been improved by an increase in CT state energy in low-

offset donor-acceptor combinations [106], nonradiative recombination is still very 

harmful to open circuit voltage which is exacerbated by structural factors such as 

molecular disorder and reorganisation energies [68, 113]. As previously mentioned, 

any approach to enhance Voc must also focus on not coming at the expense of a 

reduced current to retain a good fill factor and efficiency, so reducing nonradiative 

recombination may be one of the best approaches to enhancing Voc [68]. 

One of the key reasons it has been so challenging to improve efficiencies in organics 

– and particularly difficult to enhance the Voc – is the reliance on CT excitons, which 

were introduced in section 2.1.2. As shown in figure 2.11, the behaviour of CTEs 

determines whether photoexcited charges will recombine, either radiatively or 

nonradiatively, or dissociate into free carriers to be extracted. Even if they do 

dissociate into free carriers, there is still an opportunity for non-geminate charges to 

collide and form a non-geminate (or bimolecular) CT state – a phenomenon which 

contributes heavily to losses in typical OPV cells [34, 119-121]. In fact, non-geminate 

CT exciton Separation Charge collection 

To 

Exciton Diffusion 

Recombination 

? 

? 

? 

? 

Photoexcitation 

Figure 2.11. Overview of the function of an organic bulk heterojunction solar cell from 
photoexcitation to charge collection, showing the role of CTEs at the crux of a well-
functioning organic solar cell. In this illustration, the donor is pictured in blue and the 
acceptor in red. 
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recombination has been shown to be a key determining factor of both Voc and FF in 

organic solar cells [122]. 

To enhance the properties of CTEs, it is first important to understand what affects 

them and this has been a regular subject of research over the last decade. In terms 

of material properties, molecular factors such as molecular dipole [123] and 

permittivity [37] have a strong positive correlation with CTE dissociation rates. On 

the next scale, properties of the interface such as interfacial dipole [124], entropic 

factors [125] and electrostatic effects [126] have been shown to have significant 

impact on the CTE behaviour. Lastly, system-wide variables such as 

morphology [127] or disorder in the density of states [128] can have adverse effect 

on CTE dynamics, while delocalisation [128] and doping [129, 130] instead enhance 

CTE dissociation.  

One outstanding question that needs addressing to improve OPV performance, is 

which of the above factors can be the most beneficial and how can we find the right 

balance to aid efficient CTE dissociation? While much work has gone into answering 

this question theoretically [109, 124, 131], the results need verifying experimentally 

and to be applied to functioning cells. One difficulty in experimentally testing each of 

the variables of CTE behaviour individually is that each of them is heavily affected 

by the overall morphology of a film [132, 133]. Methods to test factors affecting CTEs 

without the muddling effects of morphology are therefore important to be able to 

enhance OPV performance further. 

Another prominent channel for enhancing the efficiencies of organic photovoltaics 

lies in the use of dopants to improve charge transport characteristics of the 

constituent materials by transferring excess charges to the doped 

semiconductor [134, 135]. It has been shown that poor charge mobility and carrier 

lifetime in either the donor or acceptor region has a significant impact on both Voc 

and Jsc as well as the fill factor due to accumulation of charge carriers and an 

increase in non-geminate recombination [113, 115, 136]. Doping in suboptimal cells 

with low mobilities has been shown to improve Jsc, Voc, FF and η concomitantly and 
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issues of imbalanced mobilities or non-Ohmic contacts can also be addressed by 

doping [130].    

However, issues with doping are plentiful. Firstly, there is a distinct lack of widely 

successful n-type dopants [137]. Therefore, while donor regions can have their 

charge transport improved by doping, acceptor regions prove more difficult and 

imbalanced transport properties lead to further issues [130]. The lack of n-type 

dopants is especially important in non-fullerene acceptor cells, where mobilities are 

often lower than in fullerenes and photoexcitation occurs in the acceptor regions as 

much as in the donor regions. Secondly, widely used p-type dopants such as F4-

TCNQ suffer from solubility issues, especially in solution with the host polymers, thus 

leading to inferior morphologies and imprecise doping concentrations [117, 138]. 

Lastly, typical dopants can only dope host polymers whose HOMO is not too deep, 

limiting the number of viable host-dopant mixes available [138]. 

To enable progress in OPV performance using dopants, it is important to significantly 

increase the breadth of utility of dopants such that all potential molecules or polymers 

used in OPV can be doped. To do this, it is necessary to develop a broad array of 

dopants suitable for hosts of varying HOMO level energies, or to forego the necessity 

for energy level matching altogether [138]. Likewise, the availability of n-type 

dopants will need to be increased substantially which may similarly be achieved by 

relieving the need for dopants with especially shallow HOMO levels. Lastly, finding 

dopants with good solubility and miscibility with the host polymers to enable good 

film morphologies will be an important step towards realising efficient doped OPV 

cells. 
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Chapter 3 

Experimental methods 

This chapter provides details on each of the experimental techniques used in this 

thesis, beginning with procedures used for sample preparation in section 3.1 and 

then detailing characterisation techniques in section 3.2. Section 3.3 then provides 

a description of the computational methods employed in this work. 

3.1 Sample Preparation 

3.1.1 Crystal growth 

Crystal growth was carried out by physical vapour transport, as portrayed in 

figure 3.1. Before cocrystal growth, the constituent materials perylene and 

tetrabromophthalic anhydride (TBPA) were purified by sublimation in vacuum using 

a separate apparatus and then placed at one end of a horizontal quartz tube. The 

tube was then placed in a furnace with the starting materials at the high temperature 

end and the temperatures of the three zones of the furnace were set to 231, 187 and 

147 °C respectively, as shown in figure 3.1. The temperatures were selected in 

accordance with previous knowledge and experience of the crystal growth method. 

The starting materials were thus sublimated and then carried along the tube by a 

130 cm3/minute argon flow towards the cooler end of the furnace. After 12 hours of 

growth time and time to cool to room temperature, the crystals were collected from 

Figure 3.1. Illustration of crystal growth procedure in a horizontal quartz tube in a 
furnace. Argon flow was applied through the tube and furnace temperatures were set 
as labelled. 
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the tube. Collection was facilitated by several smaller tubes inside the full-length 

quartz tube, in which the growth took place. These shorter tubes could be pushed 

out of the full-length tube individually, permitting easier access to the crystals. This 

method is inspired by the well-known work of Laudise et al. [139]. 

3.1.2 Solution doping 

Solution doping has been commonly used as a doping method for organic 

semiconductors due to its simplicity and the well-defined doping levels that it allows. 

Although sequential doping has been shown to result in better film quality with less 

aggregation [117, 140], the undefined amount of dopant molecules per host 

molecule may make it less suitable for studying the specific doping mechanism as 

in this work. 

Solution doping was carried out under inert atmosphere in a nitrogen-filled glovebox. 

The process entailed separately dissolving host and dopant in chloroform and mixing 

the solutions to give predetermined host:dopant molar ratios. The volume of dopant 

solution required, Vd, was calculated by the following equation: 

×
× 퐷 = 푉 ,   (3.1) 

where Mrd and Mrh are the relative molecular masses of the dopant and host 

respectively, Mh is the mass of polymer selected to be in the mixture, cd is the 

concentration of the dopant solution and D is the molar doping percentage. 

Chloroform was used as solvent due to its strong solubilising strength for all dopants 

and polymers used. 

Each host and dopant ‘master’ solution was made by dissolving the material at a 

pre-specified concentration: 2 mg/ml for F4-TCNQ, 10 mg/ml for BCF, PTB7 and 

PSBTBT-08 and 20 mg/ml for P3HT. These concentrations were chosen to be high 

so that a good film quality could be obtained, allowing for the varying solubility of the 

materials. Each master solution was left for 24 hours to dissolve fully in a vial sealed 
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with parafilm. To aid dissolution of F4-TCNQ solutions, a stirrer bar was left in motion 

in the solution for 24 hours. 

Immediately before pipetting for doped solutions, each master solution was agitated 

to ensure full dissolution of the material, confirmed by visual inspection. To mix the 

doped solutions, 200 µl of polymer solution was deposited into a vial to which was 

added an amount of dopant calculated using equation 3.1. Pipettes with a range of 

precisions down to 0.1 µl allowed excellent control of the doping even when doping 

a low molecular-weight polymer such as P3HT. The doped solutions were left for 

48 hours before depositing by spin-coating to ensure the solutions were fully doped. 

3.1.3 Spin coating 

Spin-coating is a frequently used technique in the area of organic semiconductors – 

and especially organic photovoltaics – to deposit even films from solution with 

thicknesses of the order of 100 nm [12]. As opposed to blade coating, slot-die coating 

or spray coating, spin-coating equipment is more readily available and the technique 

is more reliable, although the resulting film can be less consistently uniform than the 

other techniques [12]. The working principle of the spin-coating technique involves 

a substrate fixed to a rotary table – in this instance by vacuum suction – which is 

rotated around an axis perpendicular to the substrate surface after the solution is 

dropped from a pipette onto the substrate. Rotation of the substrate while the 

solution dries causes the spread of the solution, leaving a thin, homogeneous film of 

the solute – this process is shown in figure 3.2.  

Figure 3.2. Operation of the spin-coating deposition technique. Polymer solution is 
deposited onto the surface of a substrate affixed to a rotary platform. As the substrate 
rotates, the film spreads homogeneously while the solvent evaporates, leaving a 
homogeneous thin film at the end of the process. 
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For UV-Visible-NIR and pump-probe measurements, thin glass substrates (22 x 22 

x 0.17 mm) were prepared by ultrasonicating in acetone, isopropanol and deionised 

water for 15 minutes each, consecutively, before drying with compressed air. Glass 

is affordable, stable and easy to handle and benefits from broad transparency in the 

Visible-NIR range, while the thinness of these substrates is useful for easier 

alignment during pump-probe studies. 

For FTIR measurements, calcium fluoride (CaF2) substrates and p-doped silicon 

substrates were prepared in the same way as the glass. CaF2 substrates allow 

reliable absorption measurements down to 1000 cm-1 and are stable in air, making 

them useful and easy to use for FTIR studies. Meanwhile, silicon maintains relatively 

uniform transparency down to 600 cm-1 but with poorer transparency than CaF2, 

especially in the spectral region of polaron absorption above 2000 cm-1. The 

absorbance of both substrates are shown in figure 3.3. 

Once the substrates were prepared, spin-coating was carried out in a glovebox 

under nitrogen environment using a Laurell model WS-400A-6NPP/LITE. For glass, 

30 µL of solution was deposited by pipette and spread across the substrate using 

the side edge of the pipette tip before spinning began. The substrate was spun for 

60 seconds at 1000 rpm. For films deposited on silicon, 10 µl of film was deposited 

Figure 3.3. Absorption spectra of the two substrates used for FTIR 
measurements, measured by FTIR. 
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before spinning at 1000 rpm for 60 seconds. For CaF2 substrates, 15 µl of solution 

was deposited and spun at 1500 rpm for 60 seconds. Each of these deposition 

parameters were found to yield good quality films from trial and error testing and 

prior knowledge and were dependent on the size and wettability of the substrate. 

3.2 Characterisation 

3.2.1 X-Ray diffraction 

X-ray diffraction (XRD) techniques are frequently used to determine the unit cell and 

crystal structure of crystalline materials [141, 142]. In our work, x-ray diffraction 

measurements were carried out by Gabriele Kociok-Köhn in the Chemistry 

department at the University of Bath. Single crystal x-ray diffraction was measured 

with a Rigaku Supernova Dual EosS2 diffractometer with an Oxford Cryosystem 
using monochromated Cu-Kα radiation (λ = 1.54184 Å). Single crystals were 

mounted on a Dual-Thickness MicroMount and rotated by 360 degrees in 6 degree 

increments prior to each measurement to detect slippage of the crystal. CrysAlisPro 

software was used to collect and process data and determine the unit cell. Data 

obtained from x-ray diffraction measurements were analysed using Mercury to 

provide crystal structures, including all reported angles and distances. 

3.2.2 Fourier transform infrared spectroscopy 

Infrared spectroscopy is an excellent method to investigate structure and structural 

changes due to its sensitivity to vibrational resonances [143, 144]; it is also useful 

for optically investigating doping, due to both its ability to detect polaron formation in 

the infrared region and its sensitivity to structural changes seen in the changes to 

vibrational resonances [145, 146]. FTIR methods are advantageous when compared 

to dispersive IR spectroscopy methods because the signal to noise ratio is enhanced 

by having the total beam intensity on the detector (as opposed to a fraction at a 

particular wavelength) which is known as the energy advantage [147]. FTIR also 

benefits from the multiplex advantage: the full spectrum, instead of many individual 
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parts of the spectrum, is measured for the full duration of the detection time, reducing 

the noise level significantly [147]. 

The FTIR technique is based on a Michelson interferometer and a broadband light 

source. The broadband light is split by the interferometer’s beam splitter, marked as 

BS in figure 3.4 and then recombined after each path reflects off its respective mirror, 

FM and M. The mirror marked M in figure 3.4 is mobile and moves during the 

measurement which causes a variation between the two path lengths and 

subsequent interference fringes. The interferogram function – the intensity of the 

interference fringes as a function of the mobile mirror location - is then measured by 

the detector. A Fourier transform of the interferogram function, performed by the 

computer, then yields the spectral dependence of the intensity. 

FTIR experiments were carried out using a Bruker IFS66v spectrometer under 

vacuum at 2 mbar, shown in figure 3.4. The light source used was a glowbar - a 

silicon carbide rod heated to 1450 K to act as a source of black body radiation – 

while a HeNe laser was used to aid alignment. The detector used was an MCT 

(mercury cadmium telluride) detector, a photoconduction detector which uses an 

Figure 3.4: Layout of the Bruker IFS66v Fourier spectrometer used for this work. S 
marks the light source, BS the beam splitter, FM the fixed mirror and M the mobile 
mirror, with the sample at SP. EB and ES denote windows for use of an external light 
source (ES) or external alignment beam (EB), not used in this work. The possible 
detectors – MCT (mercury cadmium telluride), DTGS (doped triglycine sulphate) or GB 
(germanium bolometer) are shown, of which the MCT detector was used.  
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MCT semiconductor alloy to measure absorption by the change in conductivity of the 

semiconductor as electrons are photoexcited into the conduction band. The MCT 

detector was operated at 77 K using liquid nitrogen to reduce the dark current 

present from thermal excitation and thus increase the sensitivity of the detector. 

The Bruker IFS66v was operated using a computer interface (OPUS) which allows 

the alteration of several experimental parameters, the subtraction of a measured 

background signal and which performs the Fourier transform. Before the Michelson 

interferometer, a variable aperture determines the amount of light from the lamp able 

to pass through. Generally, a larger aperture and higher amount of light is better for 

a greater signal at the detector, as long as the detector is not saturated. However, 

the size of the sample also needs to be taken into account and limits the size of the 

aperture. The aperture for the work in this experiment was chosen to be 2 mm.  

For heating experiments on the FTIR, a home-made sample holder was used to heat 

the sample for the measurements - this is shown in figure 3.5. A heating element 

placed close to the sample was heated by providing current from a power supply 

and the temperature was monitored using a thermocouple placed on the sample in 

close proximity to the aperture through which the transmitted light passes. The power 

Figure 3.5. The sample holder used for FTIR heating experiments 
involving a heating element (A) and thermocouple (B) in contact with the 
sample (S). 

A 

B 
S 
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supply could be adjusted and the thermocouple temperature read from outside the 

vacuum chamber so that the sample was held under continuous vacuum at 2 mbar 

for the full sweep of measurements. 

3.2.3 UV-visible-NIR spectroscopy 

Spectroscopy in the UV-visible-NIR region is useful for determining the absorption 

profile of materials and their suitability for OPV, as well as identifying features in the 

electronic structure of the constituent materials [62, 82]. When investigating doped 

materials, this technique can reveal changes to the principal host absorption caused 

by doping in addition to polaron absorption and ionised dopant absorption [138, 148]. 

S 

BD 

Monochromator Detector 

Figure 3.6: Layout of the UV-visible-NIR setup with beam paths highlighted for 
absorption mode (dashed green line) when mirrors M1 and M2 are removed, and 
reflectivity mode (solid red line) with M1 and M2 in place. The dashed red line shows 
the beam path for the background spectrum in reflectivity mode, when the beam dump 
(BD) is moved in front of the sample (S). 

S 
M1 M2 
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For measurements in this region, a Cary 5000 spectrophotometer was used. The 

spectrophotometer uses a double dispersive monochromator to divide off intervals 

of wavelength from a broadband light source using diffraction gratings and carefully 

aligned slits. These intervals of wavelength are sequentially shone onto the sample 

and the absorption or reflection signal is collected by a detector.  

Cary scan software was used to control the experimental parameters and 

automatically subtract a background spectrum. Experimental parameters such as 

monochromator settings, source intensity, integration time and detector changeover 

wavelength were adjusted for maximum signal-noise ratio with the aid of prior 

knowledge and experience. 

UV-Visible-NIR spectroscopy was carried out in either reflectivity or absorption 

modes depending on the transparency of the sample; reflectivity mode was used for 

perylene-TBPA crystals in chapter 4 and absorption for thin films in chapter 5. The 

layout of the setup for each case is shown in figure 3.6. The mirrors M1 and M2 in 

figure 3.6 within the Cary 5000 sample chamber are easily removable without 

affecting the alignment of the reflectivity setup for future use. In reflectivity mode, a 

background spectrum was obtained by moving the beam dump from the reference 

path to the sample path.  

Additionally, in reflectivity mode the experimental setup allows for temperature-

dependent measurements with the sample mounted in an Oxford Instruments 

Microstat-He cryostat with sapphire windows. The temperature was controlled by an 

Oxford Instruments ITC503 controller with liquid nitrogen flow controlled by an 

Oxford Instruments VC31 flow control unit. 

3.2.4 Photoluminescence spectroscopy 

Photoluminescence spectra use light emission, rather than absorption, to probe the 

optical states of a material. As well as being used to reveal where in the spectrum a 

material emits light, this can also be used to provide information on either the total 

emitted intensity across the PL spectrum or the relative emissivity of individual 

states [149, 150]. These techniques can provide useful information such as the 
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Stokes shift and the manifold of states in a material [150] in addition to helping unveil 

the relative radiative and nonradiative pathways of certain states [129, 151]. 

Quantitative evaluation of the overall integrated intensity can also be used to 

determine the photoluminescence quantum efficiency [152]. 

 Photoluminescence measurements were carried out by Giacomo Piana at the 

University of Southampton using laser light excitation and a fibre-coupled 

spectrometer for collection. Laser light with an energy density of 100 nJ/cm2 and 

wavelength of 420 nm was provided by a Fianium WhiteLase supercontinuum white 

laser with 5 MHz repetition rate monochromated with a Fianium SuperChrome 

tunable bandpass filter. A BWTek Glacier X fibre-coupled spectrometer was used to 

collect and record the PL. The sample was mounted in a closed-loop helium cryostat 

with temperature control provided by an Oxford Instruments ITC503 unit. 

3.2.5 Pump-probe spectroscopy 

Ultrafast methods allow insight into dynamics in materials on a femtosecond 

timescale, especially useful when studying the aftermath of photoexcitation. The 

development of high power ultrafast pulsed lasers using mode-locking has been 

especially useful to this purpose. In particular, Ti:sapphire lasers are frequently used 

in ultrafast spectroscopy due to their tunability over a broad range of wavelengths in 

the red and infrared. Of the many ultrafast techniques, pump-probe spectroscopy is 

useful due to its excellent temporal resolution in comparison to many 

photoluminescence-based studies, in addition to not requiring a fluorescing 

sample [153]. 

The general working principle of pump-probe spectroscopy follows the scheme in 

figure 3.7a, wherein an intense pump pulse excites a population in a material into its 

excited state – this population is probed by a low-intensity probe pulse whose 

temporal delay relative to the pump is varied by mechanically changing the path 

length of either the probe or pump. By measuring the probe signal at a detector for 

a range of pump-probe delay lengths, a time-evolution of the probe signal after 

photoexcitation may be recorded. 
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Depending on the energetic states in the material to be studied as well as the energy 

of pump and probe pulses, figure 3.7b portrays some of the transient signals which 

may be measured. Excited-state absorption (ESA), also known as photoinduced 

absorption (PIA), causes a transient attenuation of the probe signal after the sample 

as it undergoes increased absorption from an excited state; its decay time is 

therefore tied to the excited-state lifetime [153]. Stimulated emission and ground 

state depletion (also known as ground state bleach - GSB) also have transient 

decays tied to the excited state lifetime, however they are measured as a gain in the 

probe signal after the sample [153]. 

For our pump-probe measurements, the laser system used consisted of a Coherent 

MIRA Titanium:Sapphire oscillator pumped by a 532 nm Quantum Laser Finesse 

Pure pump laser at 6 W output power. The MIRA is capable of generating 

femtosecond pulses with an optimised length of around 120 fs at a repetition rate of 

76 MHz. Pumped at 6 W, the MIRA has an efficient output that can be varied 

between 700 – 900 nm. For the experiments in chapter 6, we used an output 

wavelength of 820 nm at which the MIRA had a peak output power of 670 mW. 

The pulses of the MIRA are monitored using a Tektronix 2235 oscilloscope, a 

Coherent FieldMate power meter and an Oriel Instruments 78357 minispectrometer, 

Figure 3.7: a) An illustration of the process of a pump-probe spectroscopy 
experiment. A pump excites population in a material, then a probe experiences 
the change in transmission caused by the photoexcitation as it passes through 
the material at a delayed time. b) Examples of the mechanisms of some of the 
transient phenomena that can be observed during pump-probe measurements: 
excited-state absorption (ESA), stimulated emission (SE) and ground state 
depletion (GSD). The impact of the pump pulse is shown in light red, the probe 
in dark red. Part b) is adapted from Fischer et al. [153]. 
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in addition to the MIRA’s own control unit. The Mira control unit is used to tune the 

laser and measure the CW content, the oscilloscope is used to monitor the mode-

locking stability, while the power meter and minispectrometer are used to measure 

the output power of the MIRA and its output wavelength. 

A pump-probe experiment was designed and continually developed to obtain high 

signal-noise ratio and allow simple switching between degenerate and non-

degenerate pump-probe experiments, in addition to an easily variable range of pump 

and probe fluences. Because the typical interactions shown in figure 3.7b are 

nonlinear, fluence-dependence can be a useful tool in pump-probe spectroscopy for 

distinguishing signals [153, 154]. The layout of this experiment is pictured in 

figure 3.8.  

A combination of half-wave plate and polarising beamsplitter have been used to 

adjust the ratio of power in the pump and probe arms and a neutral density filter was 

inserted in the pump arm for further control of pump intensity. Control of the probe 

power is especially useful for two reasons: firstly, at low pump fluence, it is important 

Figure 3.8: layout of the ultrafast pump-probe spectroscopy experiment used. 
Labelled are a half-wave plate (/2), polarising beamsplitter (PB), neutral density 
filter (NDF), optical chopper (OC), acousto-optic modulator (AOM), telescope (T), 
beam expander (BE), barium borate frequency doubling crystal (BBO), bandpass 
filter (BPF), polariser (P) and photodetector (PD). 
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that the probe fluence is still substantially lower. Secondly, maximising the probe 

power within such a limit is useful for obtaining high signal-noise ratio at the detector. 

Variation of the pump power is useful to allow measurements at different fluences 

and to avoid damaging sensitive samples. 

A New Focus Model 3501 optical chopper and Brimrose acousto-optic modulator 

(AOM) were used to modulate the pump and probe respectively and their modulation 

frequencies passed to a Zurich Instruments HF2LI lock-in amplifier, allowing later 

demodulation of the signal and thus improved signal-noise ratio by the elimination of 

noise from background and scattered light. The acousto-optic modulator in 

particular, which operates at 10s of MHz as opposed to the optical chopper’s 

frequency of a few kHz, allows for a lower 1/f noise in the signal in addition to high 

power transmission.  

A Galilean telescope was used to improve the beam form and obtain a steady beam 

width before entrance into the AOM, as AOM deflection efficiency has a strong 

dependence on beam focus. A Galilean beam expander was subsequently used 

after the AOM to increase the beam size so a tighter focus could be achieved by the 

focusing lens before the sample.  

A Newton Optics silver retroreflector was mounted on a Physik Instrumente 

translation stage to control the length of the pump arm and thus the time delay during 

measurement. The PI-M521DD translation stage is capable of a precision of 0.1 µm, 

corresponding to a temporal precision of approximately 0.3 fs, thus not constraining 

the ca. 120 fs temporal resolution determined by the pulsewidth of the laser output. 

The translation stage was controlled by a LabVIEW program developed in-house 

which also collected the results.  

After the retroreflector, the pump arm was adaptable to include a beta barium borate 

(BBO) frequency doubling crystal of 2mm thickness from Eksma Optics and 

associated focusing and collimating lenses, all of which could also be left out for 

degenerate pump-probe experiments. Realignment of the BBO crystal took place 

before nondegenerate pump-probe experiments to ensure maximum conversion 

efficiency. For nondegenerate experiments, pump and probe arms were then 
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recombined using a Thorlabs DMSP550 dichroic mirror; in degenerate pump-probe 

experiments, a non-polarising beamsplitter was used. 

The sample was stored in an Advanced Research Systems LT3-OM-22 cryostat 

fitted with sapphire windows and kept under vacuum both while measurements were 

underway and between measurements with the same sample: this aided phase 

stability during the measurement and reduced degradation of the sample between 

measurements. An achromatic doublet was used to focus the pump and probe onto 

the sample and the spots were monitored using a camera to aid alignment and check 

for damage to the sample. A spot size of 50 µm for the pump spot, which was kept 

larger than the probe spot, meant a range of excitation fluences between 7 – 

54 µJ/cm2 per pulse were possible at 820 nm pump, or up to 6 µJ/cm2 per pulse at 

410 nm pump wavelength. 

After the sample, scattered and unabsorbed pump light was blocked from reaching 

the silicon biased photodetector (PD) using a polariser to block out components of 

light of the pump polarisation. In nondegenerate experiments, a bandpass filter was 

also used to block the pump wavelength. Finally, the transmitted probe beam was 

focused onto a silicon biased photodetector whose output was transmitted to the 

lock-in amplifier. 

The aforementioned LabVIEW program processed the signal by detecting both sides 

of the beat signal between the pump and probe modulation frequencies, 15 MHz ± 

2.3 KHz, then dividing by the unmodulated probe signal to obtain a ∆  signal. This 

and the phase data of the probe beam were collected by the LabVIEW program. 

Typically, results were averaged over 20 scans to ensure reliable data and good 

signal to noise ratio with ∆  as low as 5x10-5 reliably distinguishable from the noise 

floor – an example of a small signal measurement is given in figure 3.9. 
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To take a measurement, firstly the sample was placed into the cryostat and the 

cryostat evacuated. Secondly, the frequency of the AOM was set to 15 MHz and the 

optical chopper was set to 2.3 KHz, with the beat frequency between these selected 

on the lock-in amplifier. After this, the placement, size and shape of the pump and 

probe spot were checked separately using the camera which was focussed on the 

sample by alternately blocking the path of each. Then, the overlap of pump and 

probe spots on the sample was checked both visually with the camera and by 

checking the beat signal on the lock-in; when the overlap was reduced, the beat 

signal was lower. This step was especially important when the SHG optics had been 

inserted or removed, due to their effect on the pump alignment. Lastly, the position 

of the photodetector was adjusted to ensure maximised signal. Once the optics had 

been set up, the LabVIEW program was opened on the computer and the 

parameters for the scan were chosen: these were the start time, end time, step size 

and number of repeats measurements. Once the scan was underway, the LabVIEW 

program plotted the data in situ so that the progress of the measurement could be 

monitored. 

  

Figure 3.9. A result of a degenerate pump-probe measurement on 2% BCF-doped 
PTB7 with 10 mW pump fluence, showing the possibility to discern a small 
fractional signal. 
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3.3 Computational methods 

3.3.1 Dielectric modelling of spectra 

RefFIT software was used in accordance with Kuzmenko, 2005 [155] to model the 

dielectric function from measured reflectivity spectra in chapter 4. The imaginary part 

of the dielectric function, ε’’, is able to provide information on the absorption of a 

material in the optical region of the spectrum, as the absorption coefficient, α, is 

훼(휔) = ( )
( )

,    (3.2) 

where ω is the angular frequency, c0 is the speed of light in vacuum and n is the 

refractive index [147]. 

The modelling was carried out by fitting multiple Lorentz oscillators to the reflectivity 

spectra until an adequate fit was found. These oscillators were fitted by a 

combination of a built-in algorithm and a manual adjustment of the variables. The 

variables for each Lorentz oscillator were the transverse frequency ωt, plasma 

frequency ωp and linewidth γ and additionally the value of epsilon at infinity for the 

whole system, ε∞ could be adjusted. The formula for the dielectric model consisting 

of i Lorentz oscillators is then given by: 

휀(휔) = 휀 + ∑ .     (3.3) 

Initially, a Lorentz oscillator was placed at the frequency of each feature apparent in 

the reflectivity by designating its transverse frequency, with an approximate value of 

an appropriate linewidth and plasma frequency. Assignment of the transverse 

frequencies was aided by taking the second derivative of the reflectivity spectra to 

locate less easily perceived features in addition to those easily apparent in the 

spectra.  

After initial values were entered, the built-in fitting algorithm was run to find a better 

value of the linewidth and plasma frequency of each oscillator, with the transverse 

frequency tied to a certain range, as well as the value of epsilon at infinity. Goodness 
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of fit was evaluated using the 2 value of the fit. Manual adjustment of the Lorentz 

oscillator was made where necessary and the fitting algorithm process was repeated 

to encourage better refinement of the model. To finalise the model, a final manual 

adjustment of each of the oscillator variables was made where necessary to obtain 

the best fit to the reflectivity. Manual adjustment also helped to ensure that the 

models were physically appropriate. 

3.3.2 Theoretical modelling of CT crystals 

To compute the energetics of the CT state in the donor-acceptor crystal in chapter 4, 

structural parameters from x-ray diffraction measurements and intermolecular CT 

couplings from density functional theory calculations are inserted into a donor-

acceptor-donor (DAD) trimer model, which is chosen to distinguish between CTEs 

of the form D+A-D and DA-D+ as shown in figure 3.10 [149]. This computation was 

carried out by Gabriele D’Avino and Massimiliano Comin at the Institut Néel and 

Université Grenoble Alpes. The Hamiltonian of the D1AD2 trimer is given by 

퐻 = ∑ [휀 |푖⟩⟨푖| − 푡 (|0⟩⟨푖| + |푖⟩⟨0|)], ,  (3.4) 

where ti are the intermolecular CT couplings for the states shown in figure 3.10 and 

εi is given by  

     휀 = ∆ − + 푒(휙 − 휙 ),   (3.5) 

Figure 3.10. States which act as the basis for the Hamiltonian 
of the DAD trimer 
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with ΔDA the difference between the ionisation potential of the donor and electron 

affinity of acceptor, εr the relative dielectric permittivity, ri the intermolecular distance 

between Di and A and ϕDi and ϕA the electrostatic potential from TBPA dipoles at 

site Di and A, respectively [149]. The computed energies of the CT configurations 

thus include the electron-hole interaction within the exciton, in addition to the 

electrostatic effects of nearby molecules. To determine the electrostatic 

contributions from nearby TBPA dipoles, TBPA molecules were modelled as an 

extended dipole with length d=3 Å and dipole µ=4.5 Debye, which was obtained from 

previous work on perylene-TBPA [142]. 

To calculate the effect of disorder on the CT state energies, a 2x3x3 supercell was 

constructed, consisting of a phase space of 218 = 262,144 configurations from the 

two potential antiparallel orientations of 18 TBPA molecules within the supercell. This 

was sampled by 10,000 randomly assigned configurations; the accuracy of this 

sampling was verified by calculating the density of states and absorption spectra 

with random subsets of 2,000 of the 10,000 sampled configurations, which were 

convergent to the results calculated with 10,000 samples [149]. 
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Chapter 4 

Effect of dipole disorder on charge transfer excitons 
in a donor-acceptor co-crystal 

This chapter encompasses work carried out to analyse the effect of dipole 

orientational order on charge transfer (CT) excitons. This was studied using a donor-

acceptor co-crystal, perylene-TBPA, which allows study of the impact of such dipole 

disorder without varying morphology. In section 4.2 we define the structure of 

perylene-TBPA, before optically characterising the crystal at multiple temperatures, 

both with and without dipole disorder, to determine its impact on the charge transfer 

exciton in section 4.3, in which we most significantly see a multipart splitting of the 

charge transfer state. In section 4.4, to uncover the origin of this effect, we then 

compute the energetics of the charge transfer exciton using a Mulliken trimer model 

and the role that the dipole reorientation plays. Finally, in section 4.5, we briefly 

discuss further effects of the dipole disorder and their relevance to the field of organic 

semiconductors. 

4.1 Introduction 

As was introduced in chapter 2, charge transfer has long been a prominent issue in 

organic semiconductors, especially so in organic photovoltaics where efficient 

charge transfer between donor and acceptor is vital to a well-functioning solar cell. 

Furthermore, the behaviour of charge transfer excitons (CTE) in particular is of 

utmost importance in OPV, as illustrated in figure 2.11. It is therefore vitally important 

to understand what impacts CTEs and how these factors can be controlled to 

enhance OPV performance. 
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There are numerous factors that have been shown to affect the dynamics of CTEs 

in a blend, many of which have previously been introduced in section 2.2.3. Two 

particularly relevant material properties for the work of this chapter, which focuses 

on the dynamic reorientation of a dipolar molecule in a charge transfer co-crystal, 

are dynamic molecular disorder and the presence of dipoles. It is important to note 

that in the context of organic solar cells, dipoles exist both as those of the 

intramolecular variety or as interfacial dipoles found at the interface between donor 

and acceptor molecules [123, 124]. These are both portrayed in figure 4.1. 

High efficiency organic solar cells have recently been developed by using acceptor 

molecules designed to have an increased intramolecular permanent dipole moment. 

Cui et al. achieved over 16% efficiency by using the axisymmetric BTP-4F in 

figure 4.1a rather than the more frequently used ITIC, which has a small dipole 

moment, although they acknowledged that it is hard to directly link dipole properties 

to photovoltaic efficiency [75]. However, Gao et al. attempted to do so by testing 

devices made with several molecular acceptors whose varying end groups give them 

a range of dipole moments [156]. Their study found a direct correlation between the 

size of the molecular dipole moment and the fill factor of their cells (wherein they 

achieved an impressively high fill factor of 76.83%), which they attribute to stronger 

Figure 4.1: Portrayal of a) an intramolecular dipole moment in BTP-4F [75] and b) the 
interfacial dipole between fullerene and a P3HT pentamer [124]. 

a b 
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π-π stacking and higher charge mobility in acceptors with large dipole moments, 

which leads to enhanced CTE dissociation [156]. In another study, electron-hole 

separation in the dipolar D-A copolymer PTB7 was found to be enhanced compared 

to PBB3 - which has a smaller intramolecular dipole moment - which promoted 

electron transfer to the acceptor [123]. 

Interfacial dipoles between donor and acceptor are also highly influential to CTEs. 

Photoemission studies of a range of devices found that CTE dissociation was aided 

by interfacial dipoles which effectively screened the Coulomb potential between 

electron and hole in the CTE [133]. This experimental work had built upon a 

theoretical foundation laid a decade earlier by Arkhipov et al., who had used a model 

of dielectric screening by interfacial dipoles to explain the surprising efficiency of 

CTE dissociation despite the significant Coulomb barrier present [131]. A theoretical 

study by Marchiori and Koehler concluded that the intramolecular and interfacial 

dipole effects are linked, wherein the permanent dipole of the donor facilitated a 

strong interfacial dipole upon charge transfer that made CTE dissociation 

energetically favourable in a C60:P3HT blend [124].  

Dynamic molecular disorder has a more debatable impact on the behaviour of CTEs, 

where some benefits from dynamic disorder have been found, yet those are in 

addition to well-known detriments. It is important before going further to clarify that 

by dynamic disorder, we refer to the localised dynamic motion of molecules as 

opposed to either static morphological disorder or energetic disorder in the density 

of states. However, spatial and energetic disorder are heavily interlinked [126, 128, 

157].  

While most studies of disorder have focused on morphological disorder, Poelking et 

al. found that an increase in dynamic disorder at high temperatures in polymer side 

chains enhanced paracrystallinity in the polymer backbone, which reduced energetic 

disorder and enhanced mobility [158]. One particularly influential form of dynamic 

disorder is found in the molecular reorganisation necessary after photoexcitation, 

which has been found by Azzouzzi and co-workers to have a linear relationship with 

nonradiative voltage loss for a given CT state energy [68]. Although that work 
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focused on the reorganisation as a solely excited-state phenomenon, work by 

Vandewal et al. found that ground-state intramolecular vibrations have a major role 

in determining the reorganisation energy in donor:C60 blends [159]. Vandewal’s work 

also specifically highlights the importance of such dynamic disorder - as opposed to 

static disorder - on the CT state energetics [159]. 

Further interest in the area of molecular disorder has been provoked by the rapid 

rise of perovskites as a field in photovoltaics [160]. Both the initial successes and 

the most recent highest efficiencies in perovskite photovoltaics have been found in 

organic-inorganic lead-halide perovskites utilising the dipolar methylammonium 

cation [161-163]. These methylammonium cations rotate dynamically in the centre 

of the lead-halide lattice and the impact of their motions has been heavily studied 

and debated [164, 165]. Their interactions with the lattice have been posited as one 

explanation of their impact, with the understanding that the cation motion causes a 

distortion in the lead-halide octahedral lattice and alters the band structure of the 

perovskite [165, 166]. Further work has also suggested that the pivoting 

methylammonium dipoles produce a dielectric drag effect acting on the polarons 

moving through perovskites [167]. A holistic investigation into hybrid perovskite 

properties found them to be well described by a mixture of inorganic perovskite, 

conventional semiconductor and molecular crystal properties, with the dynamic 

reorientation of methylammonium being especially similar to comparable molecular 

motions in molecular crystals [168]. Our work on dynamic motion in molecular 

crystals is therefore of importance for the field of perovskites, as well as organic 

semiconductors. 

McMahon and Troisi, in their review of disorder in organic materials, specify that 

there are several degrees of disorder with static disorder in polymer domains at one 

end of the scale and dynamic disorder in molecular crystals at the other [169]. As 

has already been noted, it is difficult to distinguish static and dynamic disorder in 

organic semiconductor blends as they both affect the CTE tail states and the 

energetic disorder [68, 128, 157, 159]. Where this disentanglement has been 

achieved, it has been achieved theoretically or computationally, but experimental 
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studies are more difficult to design [124, 131]. By looking at dynamic disorder in 

molecular crystals, rather than amorphous films, we may gain an understanding of 

its impact on CTEs experimentally while avoiding the interfering effects of static 

morphological disorder. 

Molecular crystals containing dynamic molecular motion have been an important 

area of study in the region of molecular machines, especially when the molecular 

motion can be affected by a change in some externally controllable property such as 

temperature, pressure or electric field [170-173]. Because of the emphasis on the 

dynamics of these crystals in this field of research, studies of their material properties 

are typically restricted to structural or dielectric characterisation. However, by instead 

monitoring the optical properties of the CTE across a phase transition wherein the 

molecular motion is active and ceases, we may have a method to examine the 

impact of molecular motion or dipole disorder on CTEs in molecular crystals, which 

we can use as an ideal representative case for organic semiconductors as a whole. 

Especially suitable for this study is the group of molecular crystals known as charge-

transfer crystals, named after their bonding mechanism involving partial or integer 

charge transfer between their substituent molecules in the ground state. This family 

of crystals is of particular use as they consist of donor and acceptor molecules, 

providing a useful analogue for the donor-acceptor heterojunctions found in organic 

photovoltaics, though at a molecular level. Furthermore, their absorption spectra 

feature a dominant charge transfer absorption from the charge transfer exciton [42, 

174-176].  

There is a rich history of research into charge transfer crystals and their 

optoelectronic properties [42, 141, 142, 174, 177-184]. In theoretical and 

computational studies of CT crystals, a Mulliken trimer model may be used to 

compute their characteristics [174-176, 185]. Mulliken’s theory states that the lowest 

energy CT transition exists as the promotion of an electron from the HOMO of the 

donor (D) to the LUMO of the acceptor (A) [186]. By computing a DAD trimer, it is 

possible to distinguish between CT excitons of the form D+A-D and DA-D+, which is 

shown to be important in numerous studies investigating the Stark effect in such CT 



49 
 

systems [42, 174, 175]. Many of the typical donor or acceptor molecules whose 

optoelectronic properties have been studied are highly symmetric and lacking in a 

significant dipole moment or do not feature dynamic molecular motion in their 

structure, which leaves a large gap in the field of knowledge. 

We identified an ideal candidate crystal for study into the effects of molecular motion 

and dipole disorder on CTEs. Harada et al. reported a donor-acceptor co-crystal 

consisting of perylene and tetrabromophthalic anhydride (TBPA) as donor and 

acceptor respectively, in which the TBPA molecule undergoes an in-plane 

180 ° dynamic reorientation at room temperature, as confirmed by XRD and 

dielectric studies [142]. At lower temperatures below 250 K, the crystal undergoes a 

phase transition in which the TBPA ceases to reorient, also leading to a drastic 

reduction in the relative permittivity of the crystal [142]. The TBPA acceptor molecule 

is reported to have a dipole of 4.5 D, making it equally useful for investigating dipole 

disorder effects as well as those of dynamic molecular disorder more generally [142]. 

By measuring the CTE optical properties of the perylene-TBPA co-crystal in both 

phases, we may investigate the effect of dipole dynamics on the CTE in organic 

donor-acceptor systems without the typical interference of static morphological 

disorder effects. 
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4.2 Structural study of perylene-TBPA 

We grew perylene-TBPA co-crystals by physical vapour transport (see section 3.1.1 

for details). Before investigating the optical properties of the crystal, it was important 

to carry out XRD measurements of the crystal to determine its structure. The crystal 

structure of the perylene-TBPA crystals determined by XRD is shown in figure 4.2 in 

both its high temperature phase (HTP) and low temperature phase (LTP). The crystal 

in both phases is a 1:1 stoichiometry of perylene and TBPA which are alternately 

stacked. The overlapping ellipsoids present in figure 4.2a are indicative of the 

reorientation of the TBPA molecule in its unit cell site in the HTP, whereas in the LTP 

(001) 

Figure 4.2: Crystal structure of perylene-TBPA at a) 290 K and b) 150 K, as determined 
by X-ray single crystal diffraction. Arrows are added to highlight the dynamic reorientation 
of TBPA in the high temperature phase. The (001) plane shown in a) denotes the crystal 
face used in reflectivity studies. c) the molecular structure of perylene and TBPA with a 
key for element colours. d) molecular planes used for measurement of interplanar angles 
recorded in table 4.2 – the measurement of the 1.65 ° angle for the HTP is shown. XRD 
was carried out by Gabriele Kociok-Köhn at the University of Bath. 
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the TBPA are anti-aligned in different sites and the unit cell volume almost doubles 

in order to accommodate both orientations (see table 4.1). It is also notable that the 

symmetry of the unit cell reduces across the phase transition, as in the HTP the 

TBPA and perylene are both situated on inversion centres, whereas in the LTP the 

two distinct perylene orientations as well as two TBPA orientations disturb the 

symmetry of the crystal.  

We carried out a more detailed analysis of the intermolecular angles and distances 

in perylene-TBPA and the results are shown in table 4.2, which also includes 

analysis of crystallographic data collected by Harada et al. [142] and deposited on 

the Cambridge Structure Database. We found further evidence of the breaking of 

symmetry in the LTP, as each TBPA molecule has two crystallographically different 

perylene nearest-neighbours, with different distances and planar angles with respect 

to TBPA. The minimum distance between perylene and TBPA is reduced by 3-5% 

in the LTP, whereas the maximum distance is increased by around 1%. This  

Temperature 290 K 150 K 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a 7.7258(11) Å 9.966(2) Å 

b 9.201(3) Å 10.0334(17) Å 

c 9.201(3) Å 12.525(2) Å 

α 66.66(3) ° 85.621(14) ° 

β 84.36(2) ° 73.738(19) ° 

γ 73.08(3) ° 68.857(18) ° 

Volume 574.4(3) Å3 1120.9(4) Å3 

   

Table 4.1: Crystallographic information for both the high-temperature phase and low-
temperature phase measured at 290 K and 150 K respectively. 
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difference is caused by the change in angle between the planes of the perylene and  

the TBPA, where the angles in the LTP are both significantly different to that of the  

HTP. This detailed structural survey is important for later analysis of the optical  

characterisations, particularly when analysing and modelling the charge transfer  

exciton between perylene and TBPA. 

4.3 Optical measurement of the CT exciton in perylene-TBPA 

The perylene-TBPA crystals grown were flat-faced (in the facet indicated by 

figure 4.2a), with significant thickness (c. 50 µm) and optical density which made 

reflectivity spectra the most appropriate to characterise the material, as opposed to 

transmission. In order to gather more information on the optical transitions, we 

measured reflectivity spectra in the visible range at two orthogonal polarisations: the 

electric field oscillating parallel to the TBPA dipole reorientation and perpendicular 

to it, as shown in the insets of figures 4.3a and 4.3b. It is important to note that the 

component of the CTE transition dipole perpendicular to the TBPA permanent dipole 

reorientation makes up 90% of the total transition dipole moment [149]. 

Temperature 290 K (HTP) 240 K (LTP) [142] 150 K (LTP) 

Perylene-TBPA 
minimum distance a 

3.49 Å 3.39  Å, 3.39  Å 3.34 Å, 3.36  Å 

Perylene-TBPA 
maximum distance a 

5.66  Å 5.67  Å, 5.74  Å 5.67  Å, 5.71  Å 

Perylene -TBPA planar 
angle 

1.65 ° 3.71 °, 6.26 ° 3.92 °, 6.48 ° 

a Distances are calculated as the smallest/largest distance measured between an atom 
on the central ring of perylene and an atom in the benzene ring of TBPA.  
Values at 240 K are derived from data collected by Harada et al. [142] and deposited on 
the Cambridge Structure Database. 
 

Table 4.2. Differences in intermolecular distances and interplanar angles between the 
HTP and LTP of perylene-TBPA at different temperatures. The process for measurement 
of the interplanar angles is shown in figure 4.2d 
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The results of the reflectivity spectra in figure 4.3 show two regions of transitions in 

each polarisation; intramolecular Frenkel excitons are excited at energies above 

2.5 eV, whereas intermolecular CTE transitions are found below 2.5 eV. By 

comparison with previous literature, the features in the Frenkel region between 2.5 

and 3.1 eV are attributed to perylene intramolecular transitions, while those at higher 

energies are intramolecular transitions in the TBPA [142, 177, 187]. At lower 

Figure 4.3. Temperature-dependent reflectivity spectra across the order-disorder phase 
transition of perylene-TBPA for two different polarisations of light shown in the insets: a) 
parallel to the TBPA permanent dipole and b) perpendicular to the TBPA permanent 
dipole and instead parallel to the CTE transition dipole. The graph is divided into CTE 
and Frenkel regions based on the form of excitation present at that energy. Spectra are 
offset for clarity. c) and d) The second derivative of the reflectivity in the CTE region for 
select temperatures, with light polarised c) parallel to the TBPA permanent dipole and d) 
perpendicular to the TBPA permanent dipole. The negative peaks indicate features in 
the original spectra. 
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energies, the CTE region of the spectra most clearly feature a prominent dip around 

2 eV in addition to a smaller, less easily discerned feature on either side, at c. 1.6 eV 

and 2.2 eV, which is later clarified in the computed spectra in section 4.3. 

As we look at variations in the spectra with temperature, we see that the Frenkel 

region changes very little with temperature. On the other hand, the CTE features can 

be seen to change as the temperature is reduced below the phase transition. The 

main dip feature of the CTE region blueshifts as the temperature is lowered: in 

figure 4.3a, it moves from 2 eV to 2.15 eV and in figure 4.3b, it moves from 1.9 eV 

to 2.05 eV. Conversely, the feature centred at 2.1 eV in figure 4.3b and 2.2 eV in 

figure 4.3a does not undergo any discernible shift or alteration itself. However, this 

feature is encroached upon by the blueshifted dip feature at lower temperatures and 

therefore becomes less easily distinguished.  

By taking the second derivative of the reflectivity [188], we are able to see more 

clearly how the CTE transition evolves across the phase transition from disorder to 

order, HTP to LTP. Although the blueshift is apparent from the spectra in both 

polarisations, it becomes clear that the blueshift is of a different nature in each. 

Firstly, in figure 4.3c with light polarised parallel to the TBPA dipole, the blueshift 

exhibits a discrete shift between 290 and 240 K which then only shifts slightly more 

at further decreasing temperatures. In the perpendicular polarisation, in figure 4.3d, 

the blueshift is a gradual, continuous shift between 290 and 78 K. In addition to the 

shift in the main feature, the second derivatives reveal a reduction in features 

between 1.8 and 2 eV in figure 4.3c with reducing temperature that is not apparent 

by looking at the raw reflectivity. In contrast, figure 4.3d indicates an increase in 

features in the reflectivity below 1.7 eV below the transition temperature. 

We then performed a Kramers-Kronig transform of the reflectivity spectra to gain 

further insight into the optical changes across the phase transition. As described in 

Kuzmenko et al. [155] and in section 3.3.1, we fit a series of Lorentzian oscillators to 

the spectra in figure 4.3 using the second derivative spectra as a guide and used 
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these models to obtain the imaginary part of the dielectric function, which is plotted 

in figure 4.4a,b. The fits to the reflectivity are shown in figures 4.4c and 4.4d 

As in figure 4.3, each spectrum is split into Frenkel and CTE regions based on the 

type of excitations present; once again, the Frenkel region does not undergo 

significant change with temperature. However, in figure 4.4 it becomes clearer that 

the main CTE transition (that is, the feature below 2 eV at room temperature in both 

Figure 4.4. Temperature-dependent ε’’ spectra – which can be used as an approximation 
of absorption spectra - of perylene-TBPA across the order-disorder phase transition with 
light polarised a) parallel to the TBPA dipole reorientation and b) perpendicular to the 
TBPA reorientation. Refer to insets of figure 4.3 for representative diagrams of the 
polarisation orientations. ε’’ spectra were created by Kramers-Kronig transform of the 
reflectivity spectra in figure 4.3 using RefFIT software as explained in section 3.3.1 and 
are offset for clarity. c) and d) show the fits (dashed lines) overlaid on the 
reflectivity.spectra (solid lines) 
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figures 4.3 and 4.4) consists of multiple peaks, as suggested in figures 4.3c, 4.3d. 

Figure 4.4a shows the main CTE feature consisting of a prominent peak that 

blueshifts from 1.9 to 2 eV with reducing temperature, in addition to a broader 

shoulder which blueshifts from 1.7 to 1.9 eV. Figure 4.4b instead shows the CTE 

band as consisting of multiple peaks between 1.6 to 1.9 eV at room temperature, 

blueshifting to 1.7 to 2 eV at 78 K. 

An additional characterisation of the CTE was carried out using photoluminescence 

spectroscopy; in figure 4.5, the PL spectrum is shown for a) the HTP and b) the LTP. 

Significantly, there are multiple features visible in the emission in both cases, with a 

Figure 4.5. Normalised photoluminescence intensity at a) 290 K and b) 150 K. Part c) 
then shows the normalised photoluminescence intensity as a function of both 
temperature and photon energy. d) The total photoluminescence intensity as a function 
of temperature and energy, without normalisation. An excitation energy of 2.95 eV was 
used for all PL spectra. Photoluminescence measurements were carried out by Giacomo 
Piana at the University of Southampton. 

c  

d  

a  b  

d  
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double peak at 1.8-1.9 eV and shoulder features at 1.7 eV and 1.5 eV that blueshift 

from the HTP to the LTP.  The shoulder is also seen to reduce in relative intensity 

across the phase transition. Figure 4.5c then shows the normalised PL spectra as a 

function of temperature, which more clearly shows the blueshift at the phase 

transition and reveals that the shift is a discrete jump at the transition temperature, 

in agreement with what was observed for the CTE in reflectivity spectra in 

figure 4.3c.  

Lastly, the change in PL intensity with temperature is measured in figure 4.5d and it 

is noted that there is an abrupt change in the PL intensity - in addition to its profile - 

at the phase transition temperature. This is then followed by a further increase in 

photoluminescence below 150 K, although there is no discernible, concomitant 

change in PL spectral profile in figure 4.5c.  

4.4 Origin of the CT state splitting 

Before seeking to investigate the impact of the phase transition on the CTE 

transitions, it is important to note that the existence of a CTE absorption band with 

several components in a charge transfer co-crystal is itself a novel finding. As was 

mentioned in the introduction to this chapter, most optical studies of CT crystals have 

focused on those with centrosymmetric donor and acceptor molecules, thus lacking 

an intrinsic dipole, and in these it was typically found that there was one prominent 

CTE feature in their spectra, which only upon the application of an external electric 

field could be separated into further transitions [42, 174, 189]. Therefore, it is 

important to understand why we have observed multiple CT peaks and how the 

permanent dipole of the TBPA molecule may impact this. 

To build a picture of the CT transitions present, we must consider how the CTE 

transition dipole interacts with the permanent dipole of the TBPA. As was previously 

mentioned in the discussion of the optical polarisation used for the reflectivity studies 

in section 4.3, the component of the CTE transition dipole perpendicular to the TBPA 

permanent dipole makes up 90% of the total transition dipole moment, with only 10% 

belonging to the component parallel to the TBPA permanent dipole. This factor 
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arises from the non-zero size and shape of the molecules involved; they are not 

point-like structures and the TBPA’s significant dipole weights the electron density 

more on one end. Therefore, the permanent dipole of the TBPA involved in the CTE 

– that is, the acceptor of the CTE electron – interacts with the transition dipole of the 

CTE itself. 

In addition to the dipole of the TBPA involved in the CTE, the CTE transition dipole 

is also subject to interactions with all the other TBPA dipoles nearby. In the lowest 

energy configuration shown in figure 4.6a, these interactions from nearest-neighbour 

dipoles may cancel out due to the inherent symmetry of the structure. However, 

defects in the lattice - such as those introduced by disorder – may cause variations 

in the CTE energy. To explore these interactions further, we must first understand 

Figure 4.6. a) Computed lowest-energy structure of the HTP 
without the presence of disorder, shown along two different 
projections. b) The calculated energies of disordered 
configurations of the HTP and their distribution, with the red 
horizontal line marking the energy of the disorder-free lowest 
energy HTP structure. Computation carried out by Gabriele 
D’Avino and Massimiliano Comin at the Université Grenoble. 

b  

a  
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how the TBPA dipoles impact both the lowest energy static structure and the 

disordered structure.   

Electrostatic modelling of perylene-TBPA reveals that the lowest energy 

configuration of a static HTP structure (i.e. HTP unit cell without the TBPA 

reorientation) closely resembles that of the LTP, as shown in figure 4.6. Importantly, 

this lowest-energy structure reveals that the structure is at lowest energy when each 

TBPA molecule is anti-aligned with its nearest neighbour in the a- and c- directions 

and aligned with its nearest neighbour in the b- direction. This structure was 

confirmed to be the lowest-energy structure by calculating the energy of disordered 

HTP structures, which were all at higher energy by at least 3 meV, as shown in 

figure 4.6b. 

While the alignment of TBPA dipoles in figure 4.6a is energetically favourable, the 

reorientation of TBPA introduces defects to the ideal static lattice structure of the 

HTP. These orientational defects consist of a TBPA molecule flipped from its 

energetically favourable alignment; their abundance is likely to be linked to 

temperature, as the TBPA reorientation is activated with increasing temperature 

Figure 4.7. a) An instantaneously flipped TBPA molecule (orange) in the lowest energy 
structure of the HTP from figure 4.6. b) A projection along the crystallographic c-axis 
showing the DAD trimer (blue filled in symbols) within which the computed CTE resides 
surrounded by nearest neighbour unit cells with TBPA molecules (triangles) and 
perylene molecules (circles) identified. The indices in brackets show the displacement 
of each TBPA molecule from the computed CTE in terms of the crystal axes. c) The 
computed absorption at 0 K, with the blue peaks displaying the absorption with no 
orientational defects and the red peaks showing the absorption with a flipped TBPA 
molecule in the relative lattice site specified by the inset text. The black spectrum is the 
overall computed spectrum at 300 K, to be discussed later in figure 4.9d. Computation 
carried out by Gabriele D’Avino and Massimiliano Comin at the Université Grenoble. 
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across the phase transition. Such an orientational defect in either the site of the CTE 

or in a nearest-neighbour site affects the energy of the CTE and thus its absorption 

energy. Therefore, the summation of an array of orientational defects throughout the 

bulk of perylene-TBPA may cause its distinctive, broad, multi-peaked absorption 

profile.  

To explore this further, electrostatic modelling using the Mulliken trimer model 

introduced in section 4.1 and explained in more detail in section 3.3.2 was used to 

determine the contribution to the CTE absorption of an orientational defect at each 

nearest-neighbour site. Because the reorientation of the TBPA dipoles occurs on a 

microsecond timescale and light absorption on a much faster femtosecond 

timescale, each absorption event only measures one instantaneous static 

orientation, exemplified in figure 4.7a. Figure 4.7b illustrates a central DAD trimer in 

solid blue in which the computed CTE exists, surrounded by nearest-neighbour unit 

cells in hollow red, shown in a projection along the c-axis. In this illustration, perylene 

is represented by circles and TBPA by triangles. 

Although there are two donor molecules in the trimer and therefore there are two 

possible CT transitions, the lowest-energy of these transitions dominates the 

absorption of the defect-free lattice and the CTE absorption in this central trimer 

without any orientational defects consists of a dominant single peak - shown in blue 

in figure 4.7c and figure 4.8 (also shown alone in figure 4.9c). From this computed 

starting point, the change in CTE absorption of the central trimer induced by a flipped 

TBPA molecule in any nearest-neighbour site could be computed. As an example, 

figure 4.7c shows in red the CTE absorption resulting from the TBPA molecule within 

the CTE trimer flipped from its lowest energy configuration. Similarly, the changes in 

absorption caused by an orientational defect in each nearest neighbour TBPA 

molecule are shown in figure 4.8, labelled by their displacement from the CTE trimer.  

We primarily note in figure 4.8 the significant shifts in energy of the CTE transition of 

up to 100 meV in the presence of a flipped TBPA in any nearby lattice site. We further 

recognise that the absorption change when a dipole is flipped in the b direction is 

different to that which occurs when a dipole in the a or c direction is flipped, which 
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may be linked to the observation from figure 4.6 that dipoles in the b direction are 

aligned in the lowest energy configuration. Thirdly, we see in figure 4.8 that the 

strongest peak in the overall absorption originates from the defect-free absorption 

shown in blue, with other absorption contributions arising from the orientational 

defects. This is partially caused by the symmetry-breaking of the structure when 

a b c 

d e 

g 

Figure 4.8. Computed absorptions of orientational defects at different sites relative to 
the CTE in the perylene-TBPA HTP lattice at 0 K. The red lines show the computed 
absorption of the CTE with one flipped nearest-neighbour TBPA molecule. The inset 
text in each plot describes the location of the flipped TBPA molecule with respect to the 
computed DAD trimer, expressed in terms of the unit cell axes. Figure 4.7 may be 
helpful for reference. The lines in blue instead show the CTE absorption of the lowest 
energy structure - shown in figure 4.6 - with no orientational defects. The background 
spectrum in black is the computed overall spectrum at 300 K with all contributions 
included, discussed later in figure 4.9d. Computation carried out by Gabriele D’Avino 
and Massimiliano Comin at the Université Grenoble. 
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defects are introduced, which splits the oscillator strength between the two possible 

CTE transitions. 

The overall shape of the HTP absorption when all contributions are accounted for - 

shown in figure 4.7 and for a range of temperatures in figure 4.9d - shows some 

agreement with the absorption seen in figure 4.4, with a broad absorption spanning 

400 meV consisting of multiple peaks. We identify three strong peaks at 1.75 eV, 

1.82 eV and 1.97 eV in addition to two shoulders at 1.67 eV and 2.07 eV. The 

computed HTP absorption is shown to be relatively unchanged for the range of 

Figure 4.9. a) Diagram of the two possible CTE states 
present in the trimer. Computed disorder-free spectra of the 
b) LTP and c) HTP with insets showing the CTE eigenstates 
responsible for the absorptions. Part c) also contains an inset 
scale bar of the oscillator strength for individual transitions. 
d) The computed spectrum for the HTP with disorder 
included, as a function of temperature. Computation carried 
out by Gabriele D’Avino and Massimiliano Comin at the 
Université Grenoble. 
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temperatures measured experimentally and only changes in the computed spectra 

at 50 K. 

With regards to the LTP, figure 4.9b is significant in that it shows that even without 

the presence of disorder, the absorption of the LTP is split into two peaks separated 

by 300 meV. This splitting is caused by the presence of two significantly different 

perylene molecules in the unit cell as displayed in figure 4.2 and table 4.2. Although 

the absorption profile in figure 4.9b is basic and not representative of that seen in 

figure 4.4, it does explain that the broad, multi-part peak in the LTP in figure 4.4 is 

caused primarily by the asymmetry of the lattice in the LTP rather than the 

orientational defects that cause the breadth of the HTP absorption. Additionally, the 

high-energy LTP peak at 2 eV is likely a cause for the blueshift measured across the 

phase transition experimentally. However, this computation alone does not offer an 

explanation for why the experimental LTP spectrum continues to change with 

temperature. 

One reason for the spectral change with temperature in the LTP, as supported by 

evidence from XRD studies by Harada et al. [142], is that perylene-TBPA exhibits a 

continued reorientation of some TBPA molecules below the phase transition 

temperature. This is also supported by the continuous computed absorption profile 

of the orientational defects in figure 4.9d down to 100 K, suggesting the dipole 

reorientation is active and making significant contributions to the absorption at least 

down to 100 K. Only at 50 K in figure 4.9d, below the experimental temperature 

range, does the disorder-free peak begin to dominate the spectrum. We further 

postulate that the second increase in photoluminescence at low temperature in 

figure 4.5d without a concomitant phase transition may signify a reduction of the 

TBPA reorientation. 

4.5 Further impact of dipole dynamics on the CTE 

The significant PL increase across the transition from the HTP to LTP in figure 4.5, 

in addition to the second increase at lower temperature yields questions about the 

effect of the dipole reorientation on CTE dynamics. Primarily, this effect may suggest 
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that the phonon of the TBPA reorientation acts as a nonradiative recombination 

pathway, such that the PL increases when the reorientation reduces. This would 

corroborate other reports that low-frequency vibrational modes significantly impact 

organic semiconductor performance [70, 113].  

Further inferences can be drawn from the profile of the PL in figure 4.5 when 

compared to the absorption shown in figure 4.4. The PL is most predominant 

between 1.6 and 2.1 eV, which implies a very small Stokes shift from the absorption 

profile which shares a similar breadth. A small Stokes shift typically implies a low 

energetic disorder, which initially appears at odds with the broad absorption profile. 

However, as we have identified that the broad absorption originates from a series of 

defects in the spectrum, it is possible that each of these states individually has a low 

degree of energetic disorder due to the high crystallinity of the structure. Therefore, 

each individual transition has a small Stokes shift between absorption and PL, even 

though the broad bands may initially suggest otherwise. 

Further, this small Stokes shift suggests a very small reorganisation energy, as it 

would require a high overlap between ground and excited state nuclear co-ordinate 

(see figure 2.4a and the related discussion of the Franck-Condon principle), which 

is likely again due to the highly ordered crystalline structure of perylene-TBPA. As 

mentioned in section 4.1, the molecular reorganisation after photoexcitation is a key 

culprit of nonradiative losses in organic materials, so such a highly ordered structure 

could be advantageous. A similarly small Stokes shift in both LTP and HTP also 

implies that the reduced PL in the HTP may not be caused by a post-excitation 

relaxation or reorganisation. 

If the molecular reorientation of TBPA stabilises the structure of perylene-TBPA in 

its HTP, therefore permitting a highly organised structure with low disorder and low 

reorganisation energy, then it can be concluded that dipolar disorder can be 

advantageous with regards to it permitting greater structural stability. This effect 

would appear similar to that previously noted of increased side-chain disorder in 

polymers facilitating higher paracrystallinity in the polymer backbone and 

subsequent enhanced mobility [158]. However, in this example, if the phonon 
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associated with the relevant dynamic disorder inhibits radiative recombination, then 

it is necessary to consider any potential advantage with caution. 

We may also compare the HTP PL spectrum with the calculated absorptions in 

figure 4.8. As the HTP PL peaks between 1.85 eV and 2 eV, this may suggest that 

certain orientational defects –particularly those of higher energy - have a higher PL 

yield than others. It is possible that orientational defects in the a- direction may cause 

a small microscopic internal field parallel to the CTE dipole that could enhance 

exciton dissociation, therefore reducing PL from those CT states. However, it is 

important to note that the calculated absorptions in figure 4.8 may not be 

quantitatively accurate enough to draw a definite conclusion. Further, in any case, it 

is likely that the defect-free lattice is still the most emissive in the HTP, due to its high 

oscillator strength shown in figure 4.8 and the likelihood that the reorientation is 

associated with a nonradiative recombination pathway. 

4.6 Conclusions 

In our study we have seen the optical signature of dipolar motion in perylene-TBPA 

CT crystals exhibit itself as a multi-component splitting of the CTE band, a 

phenomenon which has not been recorded before in the literature. We have 

attributed the origin of this splitting to dipole interactions between the permanent 

dipole of nearest-neighbour TBPA molecules and the CTE transition dipole; the 

rotational motion of the permanent dipole results in ‘orientational defects’ that lead 

to a range of CTE states. Instead, when the reorientation freezes at low temperature, 

we note that the splitting of the CTE band rather arises from the breaking of 

symmetry in the unit cell. However, signatures of TBPA reorientation do also appear 

to continue well below the phase transition temperature. 

Furthermore, we have found the low temperature phase of perylene-TBPA exhibits 

an enhanced photoluminescent emission, in addition to a second increase at a 

temperature significantly below the phase transition. It is probable that the phonons 

associated with the TBPA reorientation may be linked with nonradiative 

recombination pathways, which would also explain the second PL increase as a 
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further cessation of the TBPA reorientation at lower temperature. It is also possible 

that mesoscopic internal fields from the orientational defects may reduce PL by 

driving CTE dissociation, but further work is necessary to investigate this. 

Beyond the novelty of this work as a first optical investigation into a CT crystal 

containing dipolar motion, the results we have uncovered yield important 

fundamental information for the wider subject of organic semiconductors. Our work 

has found that dipole motion in organic materials can have a significant impact on 

the absorption profile of materials by increasing the array of possible CTE states 

caused by orientational defects, which is likely to also affect charge transfer 

dynamics. The dipole reorientation also appears to cause a reduction in PL 

efficiency, although we do not know the precise mechanism by which this effect 

occurs. Based on the well-founded concept that a well-emitting material creates a 

good photovoltaic material [40, 68, 106, 190], the reduced PL of the HTP may indeed 

suggest that dipole reorientation can inhibit overall photovoltaic performance, with 

the caveat that the cause of the reduced PL is still unknown and a reduction in 

reorganisation energy may provide the opposite effect. 

Therefore, further work to elucidate the cause of the PL reduction would be 

beneficial. Impedance spectroscopy has revealed that the TBPA molecules can find 

themselves aligned with an external electric field, so electroluminescence 

measurements with a specifically directed field may reveal whether there is a link 

between dipole alignment and PL intensity and whether therefore the PL is reduced 

by aligned dipoles creating an internal electric field. Additionally, temperature 

dependent time-resolved optical experiments would allow for a greater 

understanding of how the dipole motion affects CTE lifetimes and nonradiative 

recombination rates. Further modelling work to elucidate the cause of the PL 

reduction would also be useful to reinforce any experimental results. 
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Chapter 5 

Lewis acid doping of polymeric semiconductors 

In this chapter, we investigate a Lewis acid dopant, BCF, which has recently received 

attention for its promising doping efficiency and novel doping mechanism. To do so, 

we use both BCF and a conventional integer charge transfer dopant, F4-TCNQ, to 

dope three polymers. In section 5.2, we investigate the effect of doping on absorption 

in the visible-NIR region, identifying the doping-induced polaron absorption. Then, in 

section 5.3, we measure the infrared absorption of doped samples to reveal the 

impact of each dopant on the vibrational modes of the sample, particularly finding 

evidence of BCF’s protonation-based doping mechanism and its dependence on the 

host polymer structure. Finally, in section 5.4, we investigate the mechanism for de-

doping of samples by measuring the infrared spectra, monitoring both vibrational 

modes and polaron absorption, while heating the sample. 

5.1 Introduction 

As discussed in section 2.2.3, one way in which researchers have sought to 

overcome the insufficient transport properties of many organic semiconductors is by 

doping the materials. Doping has been a longstanding area of research in organic 

electronics and has yielded significant improvements in the conductivity and carrier 

density of organic semiconductors [130, 135, 137, 191-195]. Unlike in typical 

inorganic semiconductors, where the doping process involves substituting atomic 

impurities into a crystal lattice, doping of organic semiconductors typically uses 

molecular dopants. This allows for the same deposition methods for both host and 

dopant and the larger size of molecular dopants compared to atomic dopants better 

avoids diffusion effects. Further, while inorganic doping is typically carried out at 

concentrations of 10-9 to 10-5 dopant sites per host site, doping of organic 
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semiconductors usually involves significantly higher concentrations of 10-4 to 10-1 

dopant molecules per host molecule.  

The typical doping mechanism employed in organic semiconductors, utilising an 

integer charge transfer (ICT) between host and dopant, is shown in figure 5.1, where 

it is seen that p-type dopants are electron acceptors and n-type dopants are electron 

donors. The reliance on dopant energy level depth observed in figure 5.1 means that 

ICT dopants only work with polymers with a specific range of ionisation potentials or 

electron affinities; this limitation can be problematic for p-type dopants when novel 

organic semiconductors with deeper ionisation potentials are developed. Further, the 

necessity for n-type dopants to have very shallow ionisation potentials has made it 

very difficult to find suitable molecules; this problem is exacerbated by issues of 

stability of n-type doping in the presence of oxygen, whereby the doped molecule 

can be oxidised readily [137, 196]. Therefore, the majority of commercial dopants 

are p-type and successful, stable n-type doping is an issue still to be adequately 

addressed [137, 196].  

Typically, π-electron acceptors have been used as ICT p-dopants, leading to 

enhanced transport properties in the polymer due to the increased hole 

Figure 5.1. The typical mechanism of doping in organic semiconductors for a) p-type and 
b) n-type dopants, involving integer charge transfer between host and dopant. Host 
orbitals are in blue, dopant orbitals are in red. 
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density [137, 192, 193, 197]. There are a range of such dopants available for organic 

semiconductors, but one of the most used and most studied families consists of 

molecules based on the tetracyanoquinodimethane (TCNQ) structure, especially 

F4-TCNQ (figure 5.2) [129, 135, 145, 148, 191, 193, 198-201].  However, issues with 

using F4-TCNQ stem from its differing solubility in neutral and anionic form and how 

this impedes its versatility in solution-processed devices, especially as F4-TCNQ 

often has substantially different solubility to the host semiconductor [117, 140, 202].  

Further issues arise from the energy levels of F4-TCNQ. F4-TCNQ has an electron 

affinity (EA) of 5.24 eV [198] which allows it to successfully dope polymer donors 

such as PCPDTBT and P3HT. However, its EA prevents it from successfully doping 

recently developed polymeric semiconductors with high ionisation potentials (IP), 

such as PBDB-TF in figure 5.3 [75, 203-205]. F6-TCNNQ was more recently 

developed with a higher EA of 5.60 eV  to provide access to a wider range of hosts, 

however that EA still remains too low for some organic semiconductors and the 

energy gap of F6-TCNNQ means that it contributes to absorption within the solar 

spectrum, which is unfavourable if dopants have to be used in photovoltaic 

a b c 

Figure 5.2. Chemical structures and HOMO-LUMO levels with corresponding ionisation 
potential and electron affinity of dopants a) TCNQ [200], b) F4-TCNQ [198] and c) F6-
TCNNQ [201]. Ionisation potential and electron affinity are defined as the energy 
difference between the vacuum energy and the HOMO or LUMO, respectively. 
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devices [201]. Recent developments in organic photovoltaics focusing on non-

fullerene acceptors and minimising the band offset between donor and acceptor 

molecules [68, 100, 101, 106, 206, 207], as reviewed in section 2.2.2, has led to 

donors with deeper IPs (such as in PBDB-TF) which therefore aggravates the 

problem of EA depth in p-dopants.  

Early on in the development of doping organic electronics, conductive polymers were 

doped by chemical doping in which iodine or bromine oxidised the polymer to 

promote a hole into a conducting orbital [137, 208]. The use of elemental dopants 

avoids the need to engineer molecular dopants having particularly low or high energy 

levels, as in the case of F6-TCNNQ. However, such small dopants have issues with 

diffusion in bulk samples [137, 209]. An alternative approach avoiding energy level 

engineering is to find molecules with acidity - a tendency to donate a proton - that 

can oxidise semiconducting polymers to act as a p-type dopant.  

To this purpose, Lewis acids have recently been attracting attention for use as 

dopants and have produced promising results [197, 210-212]. In particular, the Lewis 

acid tris(pentafluorophenyl)borane (BCF) shown in figure 5.4, has excellent solubility 

Figure 5.3. Energy diagram showing the HOMO with ionisation potential and LUMO 
with electron affinity of several prominent donor polymers used in organic photovoltaics. 
Ionisation potential and electron affinity are defined as the energy difference between 
the vacuum energy and the HOMO or LUMO, respectively. PBDB-TF energy levels from 
Cui et al. [75], PTB7 from Gasparini et al. [204], PCPDTBT from Morana et al. [151] and 
P3HT from Fu et al. [205]. 
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and has shown an ability to dope a range of organic semiconductors [116, 138, 199, 

203, 213-216]. Indeed, in a significant test of BCF’s doping capability, it was shown 

to successfully dope polymers with a considerably large ionisation potential of 

5.8 eV [203]. Furthermore, BCF is an industrially important chemical which is mass-

produced and therefore widely available at low price [217].  

When the polymer PCPDTBT was doped with BCF by Yurash et al., the conductivity, 

hole mobility, hole density and doping efficiency all proved to be greater than 

e- 

Figure 5.5. Illustration of the doping mechanism of BCF proposed by Yurash et al. [138]. 
BCF forms a BCF-H2O complex with atmospheric water which then protonates a 
Brönsted-basic moiety on a nearby polymer chain. This positively charged polymer chain 
accepts an electron from a nearby polymer chain, leaving that chain doped with an 
excess hole. 

Figure 5.4. Chemical structure and energy levels with labelled 
ionisation potential and electron affinity (from Mansour et al. [210]) 
of dopant tris(pentafluorophenyl) borane (BCF). 
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PCPDTBT doped with equal amounts of F4-TCNQ between 1% and 2% 

doping [138].  Pingel and co-workers also found that P3HT was similarly successfully 

doped with BCF, leading to increases in hole density on a similar scale to F4-TCNQ 

doping but with a greater conductivity increase [199]. Furthermore, BCF doping has 

been applied to organic solar cells in both fullerene and non-fullerene based blends 

and an enhancement in Jsc and FF led to enhanced efficiencies in each study, 

concomitant with some improvements in morphology [116, 215, 218].  

The recent work by Yurash et al. concluded that BCF doping occurs by the process 

shown in figure 5.5. Formation of a Brönsted-acidic BCF-H2O complex with water in 

the atmosphere causes the protonation of a Brönsted-basic group on the polymer 

backbone. Subsequently electron transfer occurs from a neutral polymer chain to the 

protonated chain [138]. The result of this process is that the non-protonated polymer 

chain has an excess of holes and has been successfully p-doped. While this doping 

mechanism is dependent on water, Yurash and co-workers found that it required 

very small amounts of water. For example, samples processed in a glovebox using 

dry solvents were still successfully doped despite these precautions meant to 

exclude water, although the doping effect was later enhanced significantly by adding 

excess water [138]. The study also notably concluded that Lewis-adduct formation 

between the dopant and polymer inhibited doping efficiency. Therefore, polymers 

with strong Lewis-basic moieties such as pyridine may be unsuitable for Lewis-acid 

Figure 5.6. Structure and acidities (on the Childs’ 
Lewis acid scale) of Lewis acids used in Yurash et al. 
to test the Lewis acid doping mechanism [138, 219]. 
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dopants and strong Lewis-acidic molecules such as AlCl3 and BBr3 did not dope as 

well as the weaker Lewis acids BCF and BF3 – figure 5.6 shows these dopants and 

their Lewis acidities [138, 219].  

The study of P3HT doped with BCF by Pingel et al. did not elucidate the doping 

mechanism, but suggested that it may be caused by adduct formation, which 

Yurash’s more recent work appears to reject [138, 199]. It has been found in further 

studies of Lewis acids that when they form adducts with polymers, the absorption 

spectrum was changed; work by Welch and co-workers found that they could tune 

the bandgap of a polymer by adding Lewis acids of varying acidity, including BCF, 

which was later applied to OLED fabrication [220-222]. This optical shift provides a 

simple means to test for adduct-formation in Lewis acid doping experiments.  

For our study, we use three polymers, structures shown in figure 5.7, to test the 

efficacy of BCF as a dopant and compare spectroscopic fingerprints of its doping 

mechanism to the ICT dopant F4-TCNQ. Regioregular (RR) P3HT was chosen to 

compare with the study of Pingel et al. and to clarify the doping mechanism as adduct 

formation seems unlikely in light of the recent work by Yurash et al. [138]. RR-P3HT 

has been previously shown to be doped well by F4-TCNQ due to well aligned 

HOMO-LUMO levels. Lastly, due to the simplicity of P3HT’s chemical structure, it is 

obvious that any protonation would be of the thiophene ring and we can therefore 

look for the spectral features of this protonation with certainty of its origin. The P3HT 

used had  90% regioregularity and an average molecular weight of 50,000-100,000.  

Figure 5.7. Chemical structures of the polymers used in this study: a) P3HT, b) 
PSBTBT-08 and c) PTB7. 

a c b 
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After the thorough study of the doping mechanism of PCPDTBT by Yurash et al., we 

have chosen to study PSBTBT-08, shown in figure 5.7, for comparison. While much 

of the structure is similar and we may use the doping mechanism suggested by 

Yurash and co-workers as a guide, the C-Si bond in the PSBTBT backbone is 

significantly longer than the C-C bond of PCPDTBT and the side chains of 

PSBTBT-08 consist of an octyl group as opposed to PCPDTBT’s ethylhexyl side 

chain. While some members of the PSBTBT family of polymers form crystalline 

domains, PSBTBT-08 has been found to not have any significant degree of 

crystallinity due to the long octyl sidechains [93, 223]. Therefore, we may be able to 

test for steric effects of the doping mechanism, which may be relevant as a) BCF is 

a bulky molecule and b) the mechanism involves interchain transfer of electrons 

which could be dependent on π-π stacking distance. 

Lastly, we have chosen to study PTB7, derivatives of which have been used in 

several high-efficiency organic solar cells in recent years [224-226]. While this, in 

combination with a dearth of research on effective doping of PTB7, provides solid 

reasoning to test PTB7 in our study, we also hope that the complex structure of PTB7 

may provide further information on the doping mechanism of BCF. Particularly, the 

presence of available basic O and S atoms in the PTB7 structure provide alternative 

potential sites for protonation or adduct formation and we may be able to gain a 

better understanding of the mechanisms behind these. 

5.2 Optical absorption in the visible-IR region 

To seek out the optical signature of the polaron that arises upon doping and to check 

for adduct formation in the case of BCF doping, we first performed Visible-NIR 

spectroscopy of our three polymers with various concentrations of dopant measured 

by molar ratio of dopant:host, the results shown in figures 5.8, 5.9 and 5.10. In 

section 2.1.3, it was noted that polaron transitions occur within the energy gap of the 

neutral polymer and that the polaron levels are broad in bulk systems – the optical 

signatures of polarons are therefore seen as broad transitions in the sub-gap region 

of the spectrum.  
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Figure 5.8. Absorption spectra of films of P3HT doped with a) BCF and b) F4-
TCNQ in the molar ratios labelled in the legends. Spectra are normalised with 
respect to the absorption maximum and offset for clarity. Polaron absorptions are 
marked 
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Figure 5.9. Absorption spectra of films of PSBTBT-08 doped with a) BCF and F4-
TCNQ in the molar ratios labelled in the legends. Spectra are normalised with 
respect to the absorption maximum and offset for clarity. Polaron absorptions are 
marked 
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Figure 5.10. Absorption spectra of films of PTB7 doped with a) BCF and b) F4-
TCNQ in the molar ratios labelled in the legends. Spectra are normalised with 
respect to the absorption maximum and offset for clarity. Polaron absorption is 
marked 
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In the case of P3HT doping in figure 5.8a, we notably see that in each instance of 

BCF doping there is no shift in the main absorption peak of the polymer, confirming 

that adduct formation did not take place. The growth of a polaron band between 800 

and 1100 nm is common across both dopants, in addition to a broader polaron band 

at wavelengths above 1400 nm. In the samples doped by F4-TCNQ in figure 5.8b 

the doping-induced polaron absorptions are visible at 2% doping whereas with BCF 

the polaron band centred at 950 nm only becomes appreciable at 4% dopant 

concentration.  

In addition to the polaron band, another sign of doping is the presence of narrow 

anion absorptions from the dopant at 750 and 850 nm for F4-TCNQ [148]. These 

features were notable at 1% doping in the P3HT:F4-TCNQ blend, although the 

anionic F4-TCNQ absorption is partially obscured by the polaron band at 1%. 

Because BCF is understood to dope by complexation with water and subsequent 

protonation of the polymer rather than by integer charge transfer, we do not expect 

to see anionic transitions from the BCF. Attempts were made to measure P3HT 

doped with F4-TCNQ concentrations above 4%, but aggregation and solubility 

issues made reliable results unattainable. 

Figure 5.9 shows similar polaron development for doping of PSBTBT-08, with a 

polaron band centred at 1200 nm and another at longer wavelengths. However, due 

to the low film thickness in PSBTBT-08 samples, signal-noise ratio was low in the 

region above 2000 nm so this is not shown in figure 5.9. In the case of PSBTBT-08 

doping, F4-TCNQ shows a weak anionic absorption feature at 875 nm, though only 

at 4% doping, a higher ratio than necessary for the anionic absorptions to be visible 

in P3HT. In contrast, it is notable that BCF doping at 2% and 4% appears stronger 

in PSBTBT-08 than P3HT with a more significant polaron band. PSBTBT-08 is 

known to suffer from poor morphology [223] which may suggest that BCF doping is 

more resilient to morphological issues than F4-TCNQ. 

Lastly, figure 5.10 shows that doping of PTB7 with F4-TCNQ and BCF yielded a 

polaron absorption centred at 1100 nm, while a second polaron at wavelengths 

greater than 2450 nm is revealed in the later FTIR spectra in figure 5.14. Unlike in 
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figures 5.8 and 5.9, the lower-energy polaron absorption is not apparent until higher 

levels of doping – 4% or greater BCF doping or 6 % F4-TCNQ doping. This is due 

to the lower energy of the polaron compared to P3HT or PSBTBT-08 meaning the 

tail is less visible in the lower energy limit of our spectrometer. Nonetheless, these 

PTB7 spectra provide a good indication that BCF dopes PTB7 comparably as well 

as F4-TCNQ, unlike P3HT or PSBTBT-08 wherein F4-TCNQ appeared to dope at 

lower concentrations than BCF.  

5.3 Infrared fingerprints of Lewis acid doping 

FTIR spectroscopy allows for further investigation into spectroscopic indications of 

doping, by allowing a further look at the low-energy polaron band in addition to the 

impact of dopants on the vibrational modes of bonds in the sample. Figure 5.11 

shows the IR absorption of each of the pristine polymers and dopants used, in 

addition to the absorption of the silicon substrate. It is important to note that the 

silicon substrate has three prominent absorption features at 610 cm-1, 740 cm-1 and 

1100 cm-1, in addition to weaker absorptions at 815 cm-1, 785 cm-1 and 880 cm-1.  

Figure 5.11. Vibrational modes, measured by FTIR spectroscopy, of the polymers 
and dopants studied, as well as the Si substrate used for measurements in the 
fingerprint region. Spectra are normalised to the absorption maximum and offset for 
clarity. A zoomed-in version of the fingerprint region is shown on the left. 
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Several spectral fingerprints are shared between the three polymers studied 

because of the structural similarities: various C=C stretching modes between 1400 

and 1900 cm-1 and various C-H stretching modes present in the aliphatic side chains 

between 2900 and 3100 cm-1, in addition to the deformation of the terminal methyl 

group around 1375 cm-1. PTB7 has several vibrational modes in the fingerprint 

region that do not exist in the other polymers studied due to its greater structural 

complexity. These include C-O bending modes and C-O-C stretching modes 

between 1050 cm-1 and 1250 cm-1 in addition to C=O stretches between 1680 cm-1 

and 1820 cm-1, as shown in table 5.1 [147, 227]. 

As for dopants, BCF shows an absorption feature at 980 cm-1 from the B-C bond, in 

addition to a 1630 cm-1 absorption likely to originate from a B-OH bend from the 

BCF-H2O complex, which is also responsible for OH absorption at 3500-

3700 cm-1 [228]. Both dopants also share similar features in their spectra from 

several C-F stretch absorptions in the region 1000-1400 cm-1 and further C=C 

stretching vibrations in the region 1400-1900 cm-1.  

Figure 5.12. FTIR spectrum of pristine P3HT and P3HT doped with BCF and F4-TCNQ 
(F4). Spectra are normalised and offset for clarity and a zoomed-in version of the 
fingerprint region taken on Si substrates is included on the left-hand side for examination 
of detail. The shift in the thiophene ring induced by BCF doping has been highlighted with 
a dashed vertical line. 
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In addition to these absorption features of the independent polymers and dopants, 

there are several common signs of doping among the FTIR spectra of doped 

samples. For example, in all figures 5.12, 5.13 and 5.14, polaron development is 

witnessed upon doping as a broad band centred between 3000 - 3500 cm-1, the 

Figure 5.13. FTIR spectrum of pristine PSBTBT-08 and PSBTBT-08 doped with BCF and 
F4-TCNQ (F4). Spectra are normalised and offset for clarity and a zoomed-in version of 
the fingerprint region measured on a Si substrate is included on the left-hand side for 
examination of detail. The shift in the thiophene ring induced by BCF doping has been 
highlighted with a dashed vertical line. 

Figure 5.14. FTIR spectrum of pristine PTB7 and PTB7 doped with BCF and F4-TCNQ 
(F4). Spectra are normalised and offset for clarity and a zoomed-in version of the 
fingerprint region measured on a Si substrate is included on the left-hand side for 
examination of detail. The shift in the thiophene ring induced by BCF doping has been 
highlighted with a dashed vertical line. 



82 
 

same band as has been previously seen in the low-energy range of the UV-Visible 

absorption.  

Other shared signatures of doping originate from the dopant spectra themselves, 

such as the absorption between 2220 - 2255 cm-1 in F4-TCNQ doped spectra from 

the C≡N bond in the dopant. When the polymers were doped with BCF a weak O-H 

stretching signal appeared around 3550 cm-1. This feature appears to be indicative 

of the BCF-H2O complex or subsequent deprotonated BCF-OH adduct (pictured in 

figure 5.15) present in the doping mechanism suggested by Yurash et al. and thus 

serves as further evidence for their proposed mechanism [138]. 

Lastly, there are some features which are only visible in spectra doped with BCF, 

which suggests that the doping mechanism may be different. When BCF was used 

to dope PSBTBT-08 at high concentrations, the C=C antisymmetric stretching in the 

thiophene ring [143] abruptly shifts frequency from 1490 cm-1 in the undoped 

PSBTBT-08 spectrum to 1520 cm-1 at 20% doping. Additionally, the symmetric 

thiophene C=C stretch at 1460 cm-1 also shifts to 1470 cm-1. These increases in 

energy of the vibrational mode support the mechanism of protonation of the 

thiophene ring, as was suggested by Yurash et al. for PCPDTBT [138]. In both 

cases, the C=C thiophene stretches are also enhanced in intensity. Similar shifts are 

noted in the BCF-doped PTB7 spectra, albeit with a smaller shift from 1560 cm-1 for 

the antisymmetric stretch and 1460 to 1470 cm-1 for the symmetric stretch. 

Figure 5.15. BCF-H2O complex formed by the dopant in the presence of water and BCF-
OH adduct left after protonation by the BCF-H2O complex, in the doping process 
portrayed in figure 5.5. 
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As mentioned previously, PTB7 was chosen due to its complex structure and the 

availability of several alternative moieties as sites for BCF to protonate. A suggestion 

of possible sites for protonation are shown in figure 5.16: sites 1 and 2 reflect a 

similar mechanism to the protonation of the thiophene ring seen in P3HT and 

Vibration Range (cm-1) 

C-C stretch 650-1100 * 

C=C stretch 1400-1900 *‡ 

C-H (thiophene) out-of-plane 819-834 ‡ 

C=O stretch 1680-1820 * 

B-OH bend ~ 1630 † 

B-C stretch ~ 1000 † 

C-OH bend ~ 1630 † 

C≡N stretch 2220-2255 * 

C=C (thiophene) stretch 1450-1550 ‡ 

C=C (benzene) stretch  1500-1600 ^ 

C-O-C antisymmetric stretch 1060-1150 * 

C-F stretch  1000-1400 * 

C-O bend 1050-1250 ^ 

CH3 Methyl deformation 1370-1380 ‡ 

CH2 stretch 2900-3000 ‡ 

CH3 Stretch 2950-2960 ‡ 

CH stretch 3050 -3060 ‡ 

* From Kuzmany - Solid state spectroscopy [147] 

^ From Burrows, Holman, Parsons, Pilling, Price – Chemistry3 [227] 
† From Romanos et al. [228] 

‡ From Tamanai et al. [143] 

 

Table 5.1. List of vibrations and the frequencies of their corresponding resonances seen 
in the FTIR spectra of figures 5.11, 5.12, 5.13 & 5.14 and discussed in the text. Frequency 
of vibrations determined in Romanos et al. and Tamanai et al. may vary depending on 
compound. 
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PSBTBT-08. Site 3 is also possible with a reconfiguration of the C=O double bond 

into a single bond. 

Protonation of sites 1 and 2 yields the shift in thiophene C=C modes previously 

discussed in common with the other polymers studied. Further, changes unique to 

PTB7 doping by BCF suggest the more structurally complex polymer does indeed 

undergo protonation at sites other than the thiophene groups. Specifically, the 

protonation of site 3 in figure 5.16 is suggested by a reduction in intensity of the C=O 

stretching vibration around 1700 cm-1 as PTB7 is doped with 10% and 20% BCF. 

More potential proof is seen in the appearance of a narrow absorption feature at 

1650 cm-1 which may correspond to a B-OH or C-OH bend [228]. 

Lastly, there is a reduction in intensity of a C-O bend at 1250 cm-1 above 6% BCF 

doping which is difficult to assign. In the event that sites 1 or 2 on the polymer 

backbone are protonated, this may change the angle or tension of the nearby C-O 

bend by electrostatic interaction and therefore also alter the vibrational mode of the 

C-O bend. However, this peak is also affected - though less significantly - by 4% 

F4-TCNQ doping, which suggests it may be linked more generally to significant 

doping-induced polaron formation distorting the polymer backbone. 

1 

2 

3 

Figure 5.16. Potential sites for protonation of the 
PTB7 polymer repeat unit. Sites 1 and 2 are 
readily available for protonation. Site 3 would 
require a change of the C=O bond to a C-O bond. 
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5.4 Heat-induced de-doping of BCF-doped samples 

As the doping mechanism of BCF and other Lewis acid dopants is suggested to 

involve water, it is logical that samples doped in such a manner may be de-doped 

by the application of sufficient heat to remove the water from the polymer-dopant 

matrix by evaporation. To test this, samples of PTB7 and P3HT doped with 20% 

molar ratio of BCF, chosen for their strong optical signatures of doping, were heated 

while in vacuum and their FTIR absorption was measured as the heat increased.   

When PTB7:20%BCF was heated, the clearest change in absorption with 

temperature - seen in figure 5.17 - occurs for temperatures above 40 °C as the 

polaron band that is indicative of the doped polymer reduces in relative intensity with 

increasing temperature until it is considerably reduced at the highest measured 

temperature of 100 °C. This change in the absorption suggests that the polymer is 

indeed being de-doped as temperature increases.  

Figure 5.17. FTIR absorption spectra, normalised to the maximum absorption, of a 
PTB7:BCF sample doped at 20% molar ratio at temperatures indicated in the legend. 
Two ranges are shown to highlight a) the polaron absorption and b) the vibrational modes 
in the fingerprint region. 

a b 
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Additionally, several signals of doping identified in section 5.3 also revert which can 

be seen in the fingerprint region in figure 5.17b. The C=C thiophene stretch at 

1510 cm-1 which was enhanced by doping is seen to reduce in intensity and the C=C 

thiophene stretch that shifted from 1460 cm-1 to 1470 cm-1 when PTB7 was doped 

by BCF is seen to shift back to 1460 cm-1. Furthermore, the reduction in the C=O 

stretch at 1720 cm-1 and concomitant appearance of the C-OH bend at 1650 cm-1 

witnessed in figure 5.14 that alluded to protonation of the C=O bond in BCF-doped 

PTB7 appears to revert in figure 5.17b when the temperature is increased. Lastly, 

the relative prominence of the peaks at 1050 cm-1 and 1100 cm-1 switch so that at 

high temperature the peak at 1050 cm-1 is clearly the strongest, as in undoped PTB7. 

As well as these indicators that PTB7 is being de-doped, there is also evidence in 

figure 5.17 that the de-doping process coincides with the reversal of the mechanism 

portrayed in figure 5.5. As the temperature rises, the broad peak centred at 

3250 cm-1, which corresponds to the OH stretch in water, increases in intensity 

significantly. This suggests an undoing of the protonation in the last step of BCF’s 

doping mechanism and a reversal to the BCF-H2O complex shown in figure 5.15.  

Figure 5.18. FTIR absorption spectra, normalised to the maximum absorption, of a 
P3HT:BCF sample doped at 20% molar ratio at temperatures indicated in the legend. 
Two ranges are shown to highlight a) the polaron absorption and b) the vibrational modes 
in the fingerprint region. 

a b 
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Figure 5.18 shows the same temperature dependent FTIR experiment applied to 

P3HT doped with 20% molar ratio of BCF. Significantly, the polaron band in this case 

does not reduce significantly until the sample reaches 100 °C, with a slight change 

in form at 80 °C. This implies that the de-doping process requires a greater 

temperature in P3HT than PTB7. A water peak at 1740 cm-1 shows the release of 

water involved in the de-doping process. Interestingly, the water peak at 3250 cm-1 

increases in intensity from 40 °C upwards without a concomitant decrease in the 

polaron absorption, suggesting some reversion to BCF-H2O at a level which does 

not curtail the level of doping. 

The fingerprint region of BCF doped P3HT in figure 5.18b contains fewer signatures 

of doping than PTB7, however the peak at 1300 cm-1 reduces in intensity relative to 

the peak at 1150 cm-1, reversing the effect seen in figure 5.12 upon doping. 

The difference between figures 5.17 and 5.18 imply that there is a greater barrier to 

de-doping of P3HT:BCF than in PTB7:BCF. In section 5.3, it was discussed that 

there were multiple sites on PTB7 which BCF could dope which was evidenced by 

the changing IR vibrations. One possibility is that these sites – such as the ester 

group - may de-dope more readily than the thiophene group which is responsible for 

doping in P3HT. In figure 5.17b it appears that the signatures of thiophene-group 

protonation between 1460-1520 cm-1 revert at 80 °C, while the fingerprints of ester 

doping at 1640 cm-1 and 1720 cm-1 undergo changes at 60 °C. However, it is also 

possible that there are other more general inhibitors to de-doping in P3HT compared 

to PTB7 which may be related to the crystallinity of the film, the bond-strength of the 

protonated site or the relative hygroscopies of the polymers. 

5.5 Conclusions 

BCF and similar Lewis acids have prompted recent research interest due to 

promising results when used to dope several different host polymers. By measuring 

the absorption spectra of BCF doped polymers in the UV-visible region, we have 

confirmed these promising results in P3HT, while showing that PTB7 is also very 

successfully doped by BCF. On the other hand, PSBTBT-08 is not as successfully 
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doped as the structurally similar PCPDTBT, suggesting that there may be steric 

hindrance to the doping caused by the different sidechain conformation of 

PSBTBT-08. However, PSBTBT-08 doped by BCF had more significant polaron 

build-up than the sample doped by F4-TCNQ, which may have been more adversely 

affected by the poor morphologies of the polymer. 

We have found further evidence in the FTIR spectra of a protonation-based doping 

mechanism, by observing the change in vibrational modes upon protonation of 

polymers. This protonation-based doping mechanism may also explain why BCF 

may be less affected than F4-TCNQ by morphological issues, despite its bulky size. 

The changes in FTIR spectra upon BCF doping are significantly different to those of 

F4-TCNQ doping which highlights the different doping mechanism involved and we 

were also able to identify the specific signatures of protonation in each polymer.  

In PSBTBT-08, we suggest the same thiophene-protonation mechanism as Yurash 

et al. suggested for the structurally similar PCPDTBT, based on the IR spectral 

changes upon BCF doping. We found the same spectral signatures in P3HT, which 

consists only of a thiophene group as a possible protonation site, which confirms 

that the signature is from protonation of the thiophene moiety. Furthermore, this also 

advances the work of Pingel et al. on BCF doping of P3HT by confirming that the 

doping occurs by protonation rather than by adduct formation. 

Additionally, we have doped PTB7 with BCF to test the doping mechanism in a more 

structurally complex polymer. We have identified a similar spectral signature that 

suggests protonation of the thiophene moiety, as in P3HT and PSBTBT-08, while 

also noting additional features which suggest possible protonation of the ester group 

as well. This success in doping PTB7 suggests that BCF may be an efficient dopant 

for similarly structurally complex polymers, while the doping mechanism means that 

band-matching constraints are less prohibitive. 

Finally, we have further confirmed the doping mechanism and its reliance on water 

by heating the doped samples and witnessing a concomitant decrease in doping and 

increase in water signal as the water was released from the polymer network. 

Interestingly, this phenomenon differed between P3HT and PTB7, with the P3HT 
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requiring a higher temperature to de-dope. This may be due to the different sites of 

protonation in PTB7 being more readily de-doped, or could otherwise be caused by 

more intrinsic properties of the polymer.  
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Chapter 6 

Pump-probe spectroscopy of doped polymers 

In this chapter, we use a self-built pump-probe experiment to examine the impact of 

doping on ultrafast charge dynamics in the homopolymer P3HT and copolymer 

PTB7. In section 6.2, we present our results, firstly consisting of non-degenerate 

pump-probe experiments on both P3HT and PTB7, exciting the exciton absorption 

band and monitoring the polaron absorption up to 50 ps after excitation. Secondly, 

we present degenerate pump-probe results exciting and probing the doping-induced 

polaron population in PTB7 for a range of fluences. Section 6.3 then contains a 

discussion of the results obtained, including an interpretation of the transients and 

the population dynamics involved. 

6.1 Introduction 

Time-resolved spectroscopy is a term which encompasses several techniques that 

have proven to be excellent at investigating charge and energy transfer in organic 

semiconductors. The varying timescales of such experiments allow charge dynamics 

to be monitored over several orders of magnitude [153]. Understanding these 

transient phenomena is key to gaining a better understanding of charge transfer 

mechanisms and helps to unveil the origins of steady-state phenomena. On the 

shortest timescales, femtosecond pump-probe spectroscopy and transient 

absorption measurements have proven to be particularly useful for determining 

ultrafast charge dynamics [153]. 

Transient absorption spectra are useful for determining the strength and timescales 

of a wide range of phenomena after photoexcitation, including photoinduced 

absorptions (PIA), ground-state bleaching (GSB) and stimulated emission (SE) 

which were introduced in section 3.2.5 [135, 229-231]. Measuring dynamics in these 

phenomena across different samples can be especially useful when studying 
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heterojunctions or doped samples [135, 230, 231]. Spectrally-resolved transient 

absorption measurements can also be useful as a precursor to pump-probe 

spectroscopy, which can then be carried out at a specific wavelength of interest to 

examine the dynamics of a particular species in greater detail [153, 154]. 

These pump-probe measurements have proven to be very informative with respect 

to the dynamics of charges in organic heterojunctions. By measuring PIA transients 

at two probe wavelengths for a number of samples, Hwang et al. were able to identify 

an evolution from charge transfer state to mobile carrier in PCPDTBT:PCBM 

heterojunction films, the duration of which varied with film composition [231]. 

Deschler et al. also investigated PCPDTBT:PCBM films, using pump-probe 

measurements to determine the effect of F4-TCNQ doping on polaron dynamics in 

the blends [129]. By probing the polaron in the blends, they found that fast 

recombination processes occurred at 4% doping concentrations and higher, caused 

by exciton-polaron annihilation and Auger recombination [129]. 

Pump-probe spectroscopy has also been used to determine the impact of structural 

and morphological changes in polymer samples on ultrafast charge dynamics. 

Korovyanko et al. studied the ultrafast dynamics of P3HT with both regiorandom and 

regioregular order [229]. They found a lack of stimulated emission in regioregular 

P3HT due to the interchain nature of the excitons; this greater delocalisation also 

resulted in faster PIA decays from polarons in the ordered portions of the film [229]. 

Szarko et al. studied PTB7 in different media with transient absorption and pump-

probe experiments, finding that π-π stacking in films compared to solutions 

increased intermolecular interactions, causing faster exciton decays and reduced 

signal from charge-separated species [230]. 

In a series of papers, Tautz and co-workers investigated the processes of excitons 

and polarons and their interplay in the low-bandgap copolymers discussed in 

section 2.2.2 using a combination of transient absorption and pump-probe 

measurements [58, 62, 63]. After analysing the infrared spectrum of charged 

PCPDTBT and determining the energy and cross-section of polaron transitions [58], 

they were able to determine the polaron pair yield after photoexcitation and typically 
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found an inverse relationship between polaron pair yield and polaron pair 

recombination time [62]. Finally, they also found that the polaron pair formation yield 

was greater when photoexcitation took place with greater excitation energy above 

the bandgap due to strong charge-transfer nature of the higher-energy orbitals and 

a reduced wavefunction overlap between electron and hole [63]. 

For our study, we have used pump-probe spectroscopy to study the effect of doping 

on polymers P3HT and PTB7, especially comparing the transients following 

excitation for the different doping mechanisms of the Lewis acid dopant BCF and 

ICT dopant F4-TCNQ. Having identified similar polaron formation in each of these 

cases in chapter 5, this chapter extends the study to look at how the doping-induced 

polarons impact the charge dynamics and whether the different doping mechanisms 

impact the charge dynamics differently.  

Furthermore, by performing our experiments with low fluences, we avoid exciton-

exciton annihilation signals, which is useful for observing dopant-induced quenching 

dynamics. The per-pulse excitation fluences of 6 µJ/cm2 for 410 nm pump and 13-

27 µJ/cm2 at 820 nm pump used in this study compare with the 500 µJ/cm2 per pulse 

fluence at 600 nm used by Szarko et al. to study PTB7 and 20-200 µJ/cm2 per pulse 

fluence range at 400 nm excitation used by Korovyanko et al. on P3HT, highlighting 

the sensitivity of our experiment [229, 230]. 

6.2 Pump-probe spectroscopy on doped polymers  

For our first study into the photodynamics of doped polymers, we excited P3HT 

samples at 410 nm and probed at 820 nm. While the high excitation energy of 

3.02 eV excites both excitons and polarons, the probe energy is below the exciton 

band and should feature primarily polaron absorptions in the photoexcited samples, 

which are of particular interest especially in the doped samples. The transients 

obtained are shown in figure 6.1a and 6.1b, wherein it can be seen that the signal 

obtained is a negative differential transmission, indicating a photoinduced absorption 

(PIA) signal. Previous work has identified this PIA signal as absorption from the 

photoinduced polaron [229, 232, 233]. 
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Figure 6.1: Pump-probe signal of P3HT doped with a,c) F4-TCNQ and b,d) BCF at the 
ratios indicated in the legend. Pump wavelength was 410 nm and probe wavelength was 
820 nm. The pump fluence was 4.5 mW. a,b) the negative differential transmission signal, 
identified as photoinduced polaron absorption, offset for clarity. c,d) fits to the raw data 
consisting of biexponential curves, the parameters for which are listed in table 6.1. 

c d 
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The shape of these transients is seen to change as doping ratio is increased, which 

was confirmed by the fittings obtained and shown in figure 6.1c,d and whose 

parameters are shown in table 6.1. These fittings consist of biexponential models 

incorporating a short and long lifetime component, yet at and above 4% F4-TCNQ 

doping and 6% BCF doping, the short-lifetime component becomes more significant, 

as seen in the weightings. The formula used for biexponential fittings is shown in 

equation 6.1, where τlong and W long refer to the lifetime and the weighting of the long-

lifetime decay component and τshort and Wshort refer to the lifetime and weighting of 

the short-lifetime decay component introduced in the biexponential decay. 

푦 = 푊 푒 + 푊 푒    (6.1) 

 The long-lived decay lifetime τlong increases in length from 48.0 ps in the pristine 

polymer to a maximum of 96.5 ps in the 20% BCF doped P3HT sample. Each of the 

doping concentrations featuring a significant (Wshort > 0.2) fast decay exhibits an 

increase in τlong lifetime compared to the pristine polymer. However, F4-TCNQ doped 

samples above 4% doping could not be obtained due to aggregation of the 

host:dopant mix in solution. The almost monoexponential (Wshort <1) decay of the 

 P3HT P3HT:BCF 
2% 4% 6% 10% 20% 

τshort (ps)  1.1 0.8 0.4 1.8 2.8 5.4 
Wshort 0.07 0.11 0.13 0.55 0.39 0.57 
τlong (ps) 48.0 46.6 47.7 56.7 54.8 96.5 
Wlong 0.93 0.89 0.87 0.45 0.57 0.39 
       
 P3HT:F4-TCNQ    
 1% 2% 4%    
τshort (ps) 0.3 1.6 2.9    
Wshort 0.05 0.09 0.41    
τlong (ps) 48.8 46.6 56.1    
Wlong 0.95 0.90 0.50    

Table 6.1. Long and short lifetimes τlong and τshort and weightings for each exponential, 
Wlong and Wshort for biexponential fits to the PIA decays in doped P3HT samples shown in 
figure 6.1. 
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pristine polymer confirms that our measurements are relatively unaffected by 

exciton-exciton annihilation due to the low fluence. 

The short-lived decay lifetime τshort initially decreases with doping percentage, until 

the point at which its weighting significantly increases – at 4% F4-TCNQ or 

6% BCF - and then τshort increases with increasing doping. In the case of BCF doping 

at and above 6% dopant concentration, τshort exhibited a proportional relationship 

with the doping percentage, increasing from 1.8 ps at 6% BCF by a factor of 3 to 5.4 

ps at 20% BCF. Meanwhile, the lifetime of the τshort decay component at 4% F4-

TCNQ doping is comparable in length to the τshort lifetime at 10% BCF doping. This 

comparison is consistent with the comparative polaron absorption seen across the 

two samples in figure 5.8. 

In the case of PTB7 excited at 410 nm and probed at 820 nm, shown in figure 6.2, a 

PIA is obtained, in agreement with previous transient absorption spectra which 

locate the peak of the PIA feature at 760 nm [230, 234]. The source of this excited 

state absorption is under debate, with some assigning its origin to a pseudo-charge-

transfer state - elsewhere identified as intra-molecular polaron pairs [230,235] – or 

to an overlapping contribution from excitons and polaron pairs, which equilibrate 

within a few ps [236]. Further studies report the exciton signal in this NIR region to 

derive from triplet excitons, some of which propose their existence in sub-ps times, 

while others suggest their presence is restricted to longer times after excitation due 

to their unfavourable conditions for fast intersystem crossing [237-239]. 

Again, there is a similar clear change in the signal from a weak short-lifetime 

component to a more significant τshort component as doping concentration increases. 

In the fitting parameters shown in table 6.2, it is seen that each of the samples doped 

with F4-TCNQ is best fitted by a biexponential with a significant τshort component and 

in the case of BCF doping this appears at 4% doping and above. This change in the 

fits therefore requires lower concentration of doping in PTB7 than in P3HT. 
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Figure 6.2: Pump-probe signal of PTB7 doped with a,c) F4-TCNQ and b,d) BCF at the 
ratios indicated in the legend. Pump wavelength was 410 nm and probe wavelength was 
820 nm. The pump fluence was 4.5 mW. a,b) the negative differential transmission signal, 
identified as photoinduced polaron absorption, offset for clarity. c,d) fits to the raw data 
consisting of biexponential curves, the parameters for which are listed in table 6.2. 
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The values of τlong in the doped PTB7 samples are consistently longer than their 

equivalently doped samples of P3HT, with the exception of PTB7:4% BCF which has 

a slightly shorter lifetime than P3HT:4% BCF, although fittings are also different with 

regards to the amplitude of the τshort component. Instead, the τlong lifetimes of samples 

doped with 10% BCF, 20% BCF, 2% F4-TCNQ and 4% F4-TCNQ are each more 

than twice as long in PTB7 than in P3HT. The PTB7: 20% BCF sample has an 

especially long τlong lifetime of 266.3 ps, 2.8 times larger than P3HT: 20% BCF and 

4.9 times longer than the pristine PTB7 sample, indicating that high dopant 

concentration significantly extends the decay transients in PTB7. Furthermore, the 

summed amplitudes of the 20% BCF PTB7 sample do not reach 1, implying an 

additional process contributing to the decay. 

In the case of F4-TCNQ doping, τlong reaches a peak of 112.4 ps at 4% F4-TCNQ 

doping, then reducing back to 76.5 ps at 10% F4-TCNQ doping, comparable to the 

1% F4-TCNQ doped PTB7 sample. The behaviour of τshort with F4-TCNQ doping 

concentration is similar to that of τlong: the length of τshort peaks at 4% F4-TCNQ 

doping at 6.6 ps, then reduces to 3.4 ps at 10% F4-TCNQ. Unlike with τlong, this latter 

lifetime at 10% F4-TCNQ is still significantly longer than the lifetime at 1% F4-TCNQ. 

 PTB7 PTB7:BCF 
2% 4% 6% 10% 20% 

τshort (ps) 0.1 0.4 3.2 3.7 5.2 4.3 
Wshort 0.07 0.15 0.30 0.43 0.55 0.65 
τlong (ps) 63.9 55.5 52.3 81.7 110.8 266.3 
Wlong 0.94 0.85 0.70 0.58 0.41 0.21 
       
 PTB7:F4-TCNQ 
 1% 2% 4% 6% 10% 
τshort (ps) 2.3 5.9 6.6 3.9 3.4 
Wshort 0.29 0.46 0.51 0.38 0.32 
τlong (ps) 71.6 103.7 112.4 81.2 76.5 
Wlong 0.69 0.51 0.44 0.59 0.62 

Table 6.2. Long and short lifetimes τlong and τshort and weightings for each exponential, 
Wlong and Wshort, for biexponential fits to the PIA decays in doped PTB7 samples shown 
in figure 6.2. 
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Figure 6.3: Pump-probe signal of PTB7 doped with a,c) F4-TCNQ and b,d) BCF at the 
ratios indicated in the legend. Pump and probe were degenerate at a wavelength of 
820 nm. The pump fluence was 20 mW. a,b) the differential transmission signal, showing 
the change to a GSB signal in the doped samples. c,d) fits to the normalised data 
consisting of biexponential curves, the parameters for which are plotted in figure 6.4 with 
the parameters from measurements with other pump fluences. 

c d 
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The weighting of the short lifetime, Wshort, also peaks at 4% F4-TCNQ, whereas the 

weighting of the long lifetime, W long, instead reaches a minimum at 4% F4-TCNQ. 

To further the study into photoexcited dynamics in PTB7, we carried out degenerate 

pump-probe spectroscopy on the same samples as in figure 6.2 with a wavelength 

of 820 nm to focus excitation on the polaron rather than the exciton. Similar 

experiments were unfortunately not possible with P3HT due to the lack of ground-

state absorption to pump at 820 nm. Exciting at 820 nm we also varied the fluence 
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of the pump beam to monitor the fluence-dependency of the dynamics. The results 

of this study are shown in figure 6.3, where it is seen that in the pristine PTB7 sample 

a PIA signal attributed to polaron absorption is obtained, as in figure 6.2. However, 

in the doped samples this signal changes to a GSB signal as the primary excitation 

at 820 nm becomes the doping-induced polaron band, as seen in figure 5.10, rather 

than the tail of the exciton peak. In all of these measurements, the signal is fitted by 

a biexponential decay shown in figure 6.3c,d.  

However, as can be seen in figures 6.3 and 6.4, the τshort of the PIA signal in the 

undoped PTB7 is within the temporal resolution of the experiment and may be 

attributed to a coherent artefact influenced by the off-resonant excitation [240]. In 

this case, the true decay signal of the PIA signal in pristine PTB7 at 820 nm excitation 

can instead be considered to more similar to the samples excited at 410 nm in figure 

6.2 as an almost monoexponential decay, due to the lack of ground-state polaron 

absorption in the pristine polymer. However, the τlong lifetime of the pristine PTB7 is 

significantly longer when excited at 820 nm than at 410 nm for all fluences – 99.3 ps, 

82.8 ps and 86.5 ps for 10 mW, 15 mW and 20 mW fluences of 810 nm respectively, 

compared to 53.9 ps at 410 nm. This may be due to the opening of additional decay 

channels when exciting at higher energy above the gap and is consistent with the 

work of Tautz et al. [63]. 

Figure 6.4 also shows that the τshort in each of the GSB signals pumped at 820 nm is 

shorter than those of the 410 nm pump with a significant τshort component in table 

6.2, with the longest being 1.2 ps in 10% F4-TCNQ doped PTB7 at 20 mW excitation. 

However, τshort does not vary significantly in the F4-TCNQ doped samples until the 

doping concentration reaches 10%. On the other hand, in the BCF doped samples, 

the τshort lifetime appears to increase with increased level of doping up to 6% BCF, 

then decrease to 20% BCF. Broadly, the weight of the short-lifetime component of 

the decay, Wshort, follows an inverse relationship with τshort – Wshort plateaus with F4-

TCNQ doping before a decrease at 10% F4-TCNQ and reaches a minimum in BCF-

doped samples at 10% BCF before increasing at 20% BCF. 
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The fluence dependence of τshort is weak and exhibits a limited dependence on 

doping concentration. In 2% and 4% BCF-doped samples only, the τshort lifetime 

shows a small inverse relationship with pump fluence whereas at higher BCF doping 

concentrations, this τshort fluence dependence ceases. On the other hand, in 

F4-TCNQ doped PTB7 samples, τshort exhibits no fluence-dependence between 2% 

and 6% doping, instead showing a slight positive fluence dependence in 6% and 

10% doped samples only. 

τlong in the GSB signals is typically comparable with that of the PIA signal of the 

undoped polymer excited at 820 nm, as seen in figure 6.4c,d. Neither F4-TCNQ 

doped samples or BCF-doped samples show a trend in τlong lifetimes with doping 

concentration. Furthermore, τlong does not appear to bear any significant fluence 

dependence. As in the short-lifetime decays, Wlong and τlong show a general inverse 

relationship, with Wlong peaking where τlong reaches a minimum, with no strong doping 

dependence. 

6.3 Interpretation of pump-probe transients 

The shift in the form of the biexponential decay in doped samples excited at 410 nm 

seen in figures 6.1 and 6.2 is the most obvious impact of doping in both polymers 

studied herein. Figure 6.5 shows the suggested ultrafast dynamics in the material 

for a) pristine and b) doped polymer samples in response to the pump excitation, to 

aid interpretation of the transients. In figure 6.5a, we see that the 410 nm pump in 

the pristine polymer generates excitons at time zero, which generates a 

photoinduced polaron. Thereafter, the probe at 820 nm further excites the excited 

state electron into a photoinduced polaron state, PPI, as previously assigned [232, 

234]. The decay of the probe absorption in the pristine polymer therefore depends 

on the exciton population decay over time – the two components of the biexponential 

track fast processes such as geminate recombination and slower processes such as 

diffusion, separately. 
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On the other hand, the doped polymers follow the dynamics shown in figure 6.5b, 

which helps to explain the shift to a more significant short-lifetime decay. In this case, 

the energy levels are slightly altered from the case in figure 6.5a due to the presence 

of a singly occupied doping induced polaron level, P+, just above the undoped 

HOMO and its empty counterpart, P+’, below the undoped LUMO. At time zero, the 

pump again excites excitons at 410 nm, but additionally polaron pairs and the probe 

pulse can also excite a polaron into the P+’ state. After time zero, the probe pulse 

can then excite the photoinduced polaron, PPI, as in the undoped samples, but in 

this case from both the undoped LUMO state and from the P+’ state. Therefore, the 

decay of the probe absorption is dependent on both the exciton population and the 

population of the P+’ state, which we identify as polaron pairs due to their familiar 

lifetime of a few ps and their absorption energy in the NIR [63, 232]. 

Figure 6.5: Illustration of possible energetic states and ultrafast dynamics of a) undoped 
samples b) doped samples in figures 6.1 and 6.2 measured with a 410 nm pump and 
820 nm probe. In the pristine case, the probe excites a photoinduced polaron, PPI, and 
its absorption decay is dependent only on the exciton population. In the doped case, the 
probe’s absorption after time zero is dependent on the populations of both the exciton 
and polaron pair due to the doping-induced polaron absorption. 
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Within this framework, the continuously increasing lifetime of the τlong component of 

the decay with BCF doping above 6% is understood to be caused by better exciton 

mobility of the polymer with increased doping. In F4-TCNQ doped PTB7, τlong instead 

peaks at 4% dopant concentration which may be caused by well-known adverse 

morphological effects of F4-TCNQ doping at high concentrations [117, 140].  The 

increased lifetime of the τshort component may instead be caused by an increased 

generation of polaron pairs or their greater stability with increased doping 

concentration, for example due to trap-filling. In PTB7:20% BCF, τshort reduces and 

τlong is significantly longer, while the amplitudes of the two components do not sum 

to 1, which may suggest an additional decay dynamic to those discussed when the 

dopant concentration is especially high. 

Also worth commenting is the comparative behaviours of P3HT and PTB7, wherein 

the form of the decay in PTB7 shifts at a lower concentration of dopant than P3HT 

and has typically longer lifetimes. This is considered to originate from the fact that 

PTB7 is a copolymer and P3HT a homopolymer. Copolymers have been found to 

yield higher density of polarons than homopolymers which may cause the shift to a 

more significant τshort at lower doping concentrations [62]. This supports the 

argument that the short-lifetime component is linked to polarons. Additionally, charge 

separation has been found to be less likely in homopolymer structures than 

copolymers, a possible cause for the shorter lifetimes of P3HT [62].  

Lastly, while F4-TCNQ doping has been found to be dependent on the location of 

the dopant along the copolymer chain due to an inability to dope the acceptor 

moiety [145], in chapter 5 we showed the possibility for BCF to dope the acceptor 

moiety of PTB7. This may provide a further reason for the lower doping concentration 

necessary for the change in decay in BCF-doped PTB7 compared to BCF-doped 

P3HT. Furthermore, it may also suggest an explanation for the change in behaviour 

of 20% BCF doped PTB7 with high dopant concentration. 

When exciting the tail of the exciton absorption in pristine PTB7 at 820 nm, the 

lifetime is longer than when excited at 410 nm. This agrees with the findings of Tautz 

and co-workers that lower excitation energies lead to longer lifetimes [63]. However, 
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this relationship does not hold true for all of the doped samples due to a different 

population being excited at 820 nm in the doped samples, which features direct 

excitation of polarons which increases with increasing doping percentage, as seen 

in figure 5.10. While the degenerate pump-probe study of pristine PTB7 resembles 

the mechanism in figure 6.5a due to lack of ground-state polaron absorption, 

figure 6.6 instead shows a schematic of the 820 nm pump and probe absorptions in 

doped PTB7. 

In this scenario, both pump and probe at time zero excite the doping-induced 

polaron. After time zero, the polaron state is depleted and the probe absorption 

therefore decreases, resulting in the GSB signal shown in figure 6.3. Therefore, the 

decay of the probe transmission monitors the decay of the excited polaron state. The 

fast component of the decay may originate from two contributions: firstly, the 

Figure 6.6: Illustration of possible energetic states and ultrafast dynamics of 
doped PTB7 from the results in figures 6.3 and 6.4 measured with an 820 nm 
pump and 820 nm probe. In doped PTB7 polymers, the pump and probe both 
directly excite the doping-induced polaron pair at time zero. The GSB signal 
in figure 6.3 shows that the absorption is saturated after time zero, therefore 
the decay of the probe transmission measures the decay of the excited 
polaron population. 
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geminate recombination of excited polaron pairs within 0.5 ps and secondly, an 

overlapping contribution from a photoinduced absorption from the edge of the 

exciton tail. However, exciton dynamics typically exhibit a strong fluence 

dependence not seen in this case, suggesting the polaron recombination is 

dominant. In addition, the slow decay component measures the lifetimes of the 

polaron population that does not rapidly recombine and probably undergoes 

non-geminate recombination instead.  

The fast initial recombination of polaron pairs is significantly faster than when 

pumped at 410 nm, implying that the excitation energy has a strong impact on their 

dynamics as previously observed for other conjugated polymers [63]. This fast 

component also shows a dependency on dopant concentration. In the case of 

F4-TCNQ doping, the fast recombination continuously increases in length with 

increasing doping, whereas BCF doping sees the short lifetime peak at 6% dopant 

before reducing. The observed increase in lifetime with doping concentration may 

be caused by an increase in polaron states offering greater stability to the 

photogenerated polaron pairs, for instance by filling traps. On the other hand, the 

possibility of doping multiple sites on the PTB7 repeat unit with BCF is one possible 

cause for the initial lifetime to then decrease with higher BCF concentrations.  

For the long component of the decay, doping concentration has little proportionality 

for either dopant, implying that increased doping may not significantly impact polaron 

mobility, unlike exciton mobility, in these samples. Previous work has highlighted 

that increased polaron absorption does not necessarily equate to better polaron 

mobility, especially in the case that dopant anions can Coulombically trap 

polarons [241]. However, as BCF doping does not result in an anion, a different 

effect may be in play in the case of BCF-doped samples. 
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6.4 Conclusions 

In summary, we have monitored the ultrafast dynamics of the homopolymer P3HT 

and copolymer PTB7 using a home-built pump-probe spectroscopy experiment with 

both degenerate and non-degenerate pump and probe. In non-degenerate 

experiments, the polymers were excited at 410 nm which excited primarily the 

exciton population and the photoinduced absorption of polarons was monitored by 

probing at 820 nm. On the other hand, degenerate measurements at 820 nm excited 

and probed the polarons directly, allowing the observation of polaron dynamics with 

increasing doping concentration. 

In non-degenerate measurements, the impact of doping in both polymers was seen 

as a change in the form of the decay originating from a more significant short-lifetime 

component to the decay, caused by the greater photogeneration of polaron pairs in 

doped samples which exhibit as a fast decay component. As doping concentrations 

increased, this fast component of the decay grew longer, which we attribute the 

increased presence of polarons and their enhanced stability. Additionally, the longer 

component of the decay, which was attributed to exciton diffusion, grew longer 

possibly due to mobility enhancements from doping. 

In addition to these trends that were similar between the two polymers, non-

degenerate pump-probe measurements also revealed the key differences between 

the decays and the effects of doping in the two polymers. In the pristine polymers, 

the copolymer, PTB7, was found to exhibit a longer lifetime due to better charge 

separation in copolymers than homopolymers deriving from the alternating electron 

affinities of donor and acceptor moieties. In addition to this, the shift in the form of 

the transient decay came at a lower doping concentration in PTB7 than in the 

homopolymer P3HT, caused by the higher polaron formation typical in copolymers. 

Furthermore, the ability of BCF, as opposed to F4-TCNQ, to dope both the donor 

and acceptor moiety of the copolymer PTB7 may lead to further effects at high 

doping concentration in copolymers as opposed to homopolymers which require 

further investigation. 



107 
 

Lastly, in degenerate measurements at 820 nm the lifetime of the pristine PTB7 was 

longer than in the non-degenerate measurements due to slower conversion of 

excitons into polaron pairs at lower excitation energies, as previously observed in 

other polymers. When doped however, this relation did not hold true for all samples. 

It was shown that while dopant concentration bore a significant impact on the fast 

geminate recombination of polaron pairs, the long lifetimes were relatively 

unchanged with doping ratio. This may signify that increased dopant concentration 

and polaron formation does not necessarily enhance polaron mobility. 
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Chapter 7  

Summary and outlook 

The aim of this thesis was to gain a better understanding of how charge transfer 

takes place in organic semiconductors: what affects charge transfer states, by what 

process does charge transfer occur and what impact does it have on organic 

semiconductor performance? This work has provided insight into each of these 

questions through a thorough investigation of the optical properties of a selection of 

organic materials. 

By using a donor-acceptor co-crystal, perylene-TBPA, as a model system to 

investigate charge transfer states, we were able to determine the impact of dipole 

disorder without interfering morphological effects. We have determined that the 

presence of dipole disorder splits the ordinarily singular CT state into multiple 

components, firstly by measuring the optical absorption of the CT exciton and then 

by computationally modelling the electrostatics of the CT state. This finding is 

significant for the enhancement of organic photovoltaics in particular, where charge 

transfer exciton energies are crucial to device performance and molecular design is 

increasingly providing materials with large molecular dipoles.  

To further determine the impact of this splitting of states on device performance, it 

will be useful to establish its effect on the emissivity of the CT state as well. In this 

work we identified that the photoluminescence of perylene-TBPA was decreased in 

its high temperature phase with dipolar disorder. Further studies of the 

photoluminescence of perylene-TBPA are underway, including time-resolved 

studies which may help to determine the effect of the dipole disorder on the radiative 

rates and lifetimes of the CT exciton and help to unearth the cause of the observed 

decrease in PL. Furthermore, PL measurements with an applied electric field may 

help to uncover the relationship between dipole alignment and emissivity. 
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Our second study sought to understand the steady-state spectral fingerprints of two 

distinct doping mechanisms in integer-charge transfer and Lewis acid dopants. By 

doping polymers with Lewis acid dopant BCF and integer charge transfer dopant 

F4-TCNQ and measuring their absorption, we discovered that both doping 

mechanisms led to polaron formation in each of the polymers, identified by broad 

absorption bands in the NIR and MIR. Close examination of the fingerprint region of 

the doped polymers in vibrational IR spectroscopy allowed us to confirm the 

protonation-based doping mechanism of BCF, wherein we also found in the 

structurally complex polymer PTB7 that there are multiple sites on the polymer 

repeat unit for such protonation to take place. Lastly, we confirmed the necessity for 

water in BCF’s doping mechanism by measuring the infrared absorption of doped 

polymers as samples were heated under vacuum, witnessing a reduction in the 

polaron absorption as the sample was heated. 

Confirming the doping mechanism of BCF and its efficacy on several polymers is 

important for the further use of similar dopants in organic semiconductors. In 

particular, the discovery of multiple sites for protonation in the PTB7 structure paves 

the way for further studies in structurally complex polymers, which are regularly 

being used in organic photovoltaic cells for high efficiencies. Therefore, further work 

to understand the impact of BCF and other similar dopants on the charge transport 

of structurally complex polymers would be beneficial, especially those in which there 

are multiple Brönsted-basic moieties able to be doped as shown in chapter 5. 

Lastly, we furthered the study of BCF as a dopant by measuring its impact on 

photoexcited charge dynamics using a pump-probe spectroscopy experiment 

developed in-house. By comparing the transient decays from excitation energies 

both above and below the exciton absorption peak in BCF-doped polymers with both 

pristine and F4-TCNQ-doped polymers, we were able to directly compare the 

impacts of BCF and F4-TCNQ doping on both exciton and polaron lifetimes. We 

unveiled that polaron formation induced by both BCF and F4-TCNQ doping altered 

the exciton decays by increasing the amplitude of the fast component of the decay 

when exciting at high energy. Secondly, we found that while the exciton lifetimes of 
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F4-TCNQ doped PTB7 peaked at 4% doping and then dropped, the exciton lifetimes 

of BCF-doped PTB7 continued to increase up to 20% BCF concentration, thus 

suggesting that BCF may be more suitable for high concentrations of doping than 

F4-TCNQ. Lastly, exciting below the exciton absorption energy, we determined that 

while non-geminate recombination of polarons was relatively unaffected by doping 

concentration, the lifetime of geminate polarons which typically decay within a 

picosecond was increased by increasing doping. 

To expand on this study, further ultrafast experiments on BCF-doped polymers 

probing further components of the spectrum such as the MIR polaron would be 

enlightening, to ascertain whether they are similarly affected by doping to the NIR 

polaron studied herein. Furthermore, computational modelling of the polaron 

induced by both BCF and F4-TCNQ may help to unveil the causes behind the 

changes in lifetimes measured upon doping by both dopants. In particular, for the 

PTB7 copolymer, determining the effect of protonation of alternately the donor unit 

or acceptor unit (and both simultaneously) on excited state dynamics would be 

beneficial to interpret the effects of BCF doping on PTB7, especially at high doping 

concentrations. Lastly, electrical measurements to obtain the mobility enhancements 

induced by doping in PTB7 would complement the lifetimes obtained herein. 

In conclusion, this work has studied charge transfer in organic semiconductors in 

various forms and in doing so showcased the effectiveness of optical measurements 

to highlight induced changes in organic semiconductor properties, both steady-state 

and transient. The results laid out in this thesis clearly pave the way for further work, 

either by exemplifying the utility of a CT crystal to study the impact of molecular 

properties on CT excitons, or by providing a fundamental understanding of both the 

mechanism and impact of BCF doping compared to F4-TCNQ doping.  
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