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ABSTRACT 

Understanding and optimising charge carrier transport in conjugated polymers is an important 

challenge for the realisation of organic electronic devices. The transport properties are 

complicated by the intrinsic disorder in these soft solids, that leads to disorder in the energies 

and spatial extent of electronic states and in the strength of electronic coupling between them. 

Traditionally, different disorder models have been used to describe charge transport but the 

models tend to be descriptive and experimental measurements are often contradictory. The 

complex origins of disorder have made it difficult to correlate any transport property uniquely 

with specific defects. 

This thesis addresses the specific relationship between hole transport and microstructure for 

selected conjugated polymers. In the first results chapter, we show that the effect of introducing 

a known conformational defect, the β-phase, into poly(9,9)dioctylfluorene (PFO) is to reduce 

the time-of-flight hole mobility by two orders of magnitude and the steady state hole mobility 

by less than one order of magnitude. We develop a high-dynamic-range photocurrent 

measurement to probe the density of states and show that the β-defect introduces an additional 

sharp feature into the hole density-of-states (DoS) ~0.3 eV below the transport level. The effect 

on DoS is confirmed with complementary electrochemical technique and agrees with theory. 

We then reconcile the different observations from transient and steady-state measurements 

using an energy resolved device model and conclude that a non-thermal-equilibrium picture is 

needed to interpret transient measurements in such disordered materials. 

The second results chapter shows that hole mobility can be controlled and in some cases 

increased by use of nucleating agents and crystallisation kinetics to promote growth of large 

crystallites in PFO films; further optimisation may lead to percolation through the crystalline 

phase. We also show that the effect of a chemical defect (keto defect) on hole transport is 

relatively minor, despite major impact on emission properties, and in contrast with prior reports. 

Finally, we show that hole transport in a high mobility indacenodithiophene-alt-

benzothiadiazole copolymer is indeed fast but not, as previously reported, trap free. 

Nevertheless, further efforts to improve hole mobility should address interchain coupling rather 

than intrachain transport. 
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Chapter Ⅰ 

Introduction 
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1.1 CONTEXT 

Electronic devices based on π-conjugated organic semiconductors have gained popularity in a 

growing range of applications such as photovoltaics [1], thin-film transistors [2] and light-

emitting diodes [3]. The advantages of these carbon-based electronic devices over their 

inorganic counterparts include the versatility of controlling device optoelectronic properties 

through chemical tuning of the materials, the potential of low-cost production via high 

throughput fabrication techniques, as well as the mechanical flexibility. 

Depending on the molecular weight, organic semiconductors can be categorised into two types: 

small molecules and conjugated polymers [4]. Thin films of the former are often made by 

thermal evaporation forming relatively structured films. In contrast, conjugated polymers are 

usually processed from solution, taking advantage of solubilising side chains attached to the 

conjugated backbone. Commonly used wet-processing techniques include spin-coating, zone-

casting, and ink-jet printing [5]. However, solution processing generally leads to thin films 

which are more structurally disordered. 

Charge transport in organic semiconductors is therefore characterised by a strong degree of 

disorder in both the site energy and the electronic coupling between adjacent sites. This 

disorder arises from variations in structure and conformation of molecular units, as well as the 

weak binding interactions between them. Such disorder gives rise to dispersive transport where 

a wide range of timescales are sampled for charge transfer events. Transport phenomena in 

devices are further complicated by the influence of electrodes, impurities, molecular dipoles 

and unintentional doping on the electrostatic environment [6]. As a consequence, charge carrier 

transport is difficult to quantify, both experimentally and theoretically. 

1.2 SCOPE AND LAYOUT OF THE THESIS 

We will report on experimental measurements to probe charge transport in organic 

semiconductors on different length and timescales and show how apparently contradictory 

results can be reconciled when appropriate theoretical models and arguments are used. 

Moreover, we combine optical spectroscopic probes with electrical probes to quantify the effect 

of (i) conformational disorder, (ii) on-chain chemical defects, and (iii) high chain stiffness or 
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persistence length plus planarisation of backbone on charge transport behaviour of a range of 

conjugated polymers, and to further relate transport to density of states profiles of the materials. 

Specifically, regarding the chapter-wise arrangements of the Thesis: 

Chapter II provides the fundamental background that are relevant to this work. It also gives 

the motivation of the present research. 

Chapter III summarises the major experimental and numerical methods we have used in this 

PhD study. 

We elaborate our detailed case study on +/− β-phase transport in PFO and its relation to the 

respective density of states profiles in Chapter IV, with β-phase being a planarised chain 

conformation embedded within the predominantly amorphous layer. In Chapter IV, we show 

that the effect of introducing a known conformational defect, the β-phase, into 

poly(9,9)dioctylfluorene (PFO) is to reduce the time-of-flight hole mobility by two orders of 

magnitude and the steady-state hole mobility by well less than one order of magnitude. We 

develop a high-dynamic-range photocurrent measurement to probe the density of states and 

show that the β-defect introduces an additional sharp feature into the hole density-of-states 

(DoS) ~0.3 eV below the transport level. The effect on DoS is confirmed with complementary 

electrochemical technique and agrees with theory. We then reconcile the different observations 

from transient and steady-state measurements using an energy-resolved device model and 

conclude that a non-equilibrium picture is needed to interpret transient measurements in such 

disordered materials. 

Chapter V reports our time-of-flight photocurrent studies on PFO subjected to nucleated 

crystallisation or photodegradation. We show that hole mobility can be controlled and in some 

cases increased by the combined use of nucleating agents and crystallisation kinetics to 

promote growth of large crystallites in PFO films; further processing optimisation may lead to 

percolation through the crystalline phase. We also show that the effect of an on-chain chemical 

defect (keto defect) on hole transport is relatively minor, despite major impact on emission 

properties, and in contrast with prior reports. 

Chapter VI explores the structural–property relationship of an alternating donor-acceptor 

(push-pull) type copolymer. It reveals that hole transport in a high mobility 

indacenodithiophene-alt-benzothiadiazole copolymer is indeed fast but not, as previously 
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reported, trap-free. Nevertheless, further efforts to improve hole mobility should address inter-

chain coupling rather than intra-chain transport. 

Finally, in Chapter VII we draw the conclusions learnt from this PhD work and present our 

outlook for the relevant future work. 
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Chapter Ⅱ 

Theoretical Background and Motivations 
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1.3 ORIGIN OF LOCALISED STATES IN CONJUGATED POLYMERS 

Organic semiconductors such as (i) conjugated polymers and (ii) so-called ‘small molecules’1 

are based on a network of carbon atoms, at least some of which are hybridised in the sp2 

configuration (see below) along with hydrogen and often other light atoms (most commonly 

oxygen, sulphur and nitrogen). The individual monomer of a polymer will typically contain 

some tens of atoms, including the conjugated backbone, which provides the electronic and 

optical properties, and optionally one or more saturated hydrocarbon side chains that provide 

solubility in non-polar solvents. In this Chapter, we first discuss the origin of the electronic 

properties of π-conjugated materials, showing how the intrinsic disorder of such materials gives 

rise to disorder in the energies of states, and then review different models for charge transport 

in such a disordered medium, and finally address experimental approaches to probing the 

density of states. 

On a side note of the classes of organic semiconductors: in most practical cases, some thin 

layers of active layers need to be deposited for device applications. To this end, in most cases, 

conjugated polymers are (almost always) synthesised with solubilising side chains to help 

enable the solution processablity of such polymeric materials, since thermal evaporation is not 

an option for depositing films with these. Small molecules, on the other hand, can be either 

made with solubilising side chains or simply to be relied just on thermal evaporation. As a rule 

of thumb, the solution processability provides both a blessing (to do with less costly device 

making) and a curse (to do with pronounced disorder affecting electronic properties) of organic 

semiconductors. 

π-conjugated molecules are distinguished by being based on a network of carbon atoms in the 

sp2 configuration. In this configuration the carbon atom can form three strong trigonally 

directed bonds with neighbouring atoms and has one additional, more loosely bound pz electron 

that is available to form an additional bond with the pz electron of a second carbon atom. The 

strong, directional bonds due the sp2 orbitals are called σ bonds and the weaker bond, formed 

from the pz orbitals is called a π bond. In a π-conjugated system containing several linked sp2 

carbon atoms, the π-electrons from the network of linked sp2 carbon atoms can delocalise over 

the molecule, or a fragment of the molecule, in a set of extended π molecular orbitals. These  

orbitals extend in space above and below the plane that contains the network of sp2 hybridised 

                                                 
1 Depending on the criterion of how small would still eligibly fall into the category of being ‘small’. 
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C atoms and the σ bonds. Since the pz electrons are weakly bound, the highest π bonding orbital 

is the highest occupied molecular orbital (HOMO) of the system. The lowest π antibonding 

orbital is the lowest unoccupied molecular orbital (LUMO). Together, Figs 2.1 and 2.2 help 

illustrate such sp2 hybridisation and  bonding/anti-bonding themes (see captions for more 

details). 

 

Figure 2.1: Sp2 hybirdisation of the C atoms and the illustration of electron clouds for the orbitals. And hence, 

using ethene as an example, the formation of C=C bond and π bonding (but of course as well as localised σ 

bond). Different colours designated to the Pz orbitals signifies the phase, in between which is a node. π anti-

bonding scenarios are shown in the next Fig. 2.2, using ethene and benzene as examples. 

 

Figure 2.2: Using ethene and benzene as examples, the figure further shows around motifs of sp2 

hybridisation, π bonding and hence delocalisation of π-electrons on the conjugated segment/plane. 

A perfectly-ordered conjugated carbon chain may be expected to behave as a one-dimensional 

metal, however, symmetry breaking due to Peierls distortion/instability [1] at any non-zero 

temperature reduces the energy of the system, giving rise to two delocalised energy bands, the 

bonding and antibonding  and * orbitals, respectively. The increasing delocalisation of π 

electrons with molecular size leads to reducing energy difference between the highest bonding 
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and lowest antibonding orbitals such that for molecules of tens of sp2 carbon atoms, the energy 

gap typically lies in the range 1–3 eV and can be bridged by visible photons. Each electronic 

state can exist in different vibrational states, leading to a set of ‘vibronic’ levels that are 

typically separated by 0.1–0.2 eV (see Figs. 2.3 and 2.4 for extra information). 

In a solid film made from conjugated molecular materials, the molecules or polymers are held 

together mainly by van der Waals forces, and as a result of this relatively weak bonding and 

their own conformational flexibility they are free to adopt a number of different conformations, 

giving rise to disorder in the structure and arrangement of the molecular species. The weak 

intermolecular interactions mean that electronic states tend to be localised within single 

molecules or conjugated segments of molecules, and also tend to vary in their extent and energy. 

Charge transport across such a film then requires that electrons or holes should ‘hop’ between 

neighbouring molecules or segments. The variation in interactions between differently 

configured molecules and the variation in energies of the sites being occupied means that the 

charge transport medium is disordered both energetically (effectively leading to a tail in the 

density of states for holes or electrons) and structurally (leading to variations in hopping time 

and the so-called ‘dispersive’ transport. 

2.3.1 Effect of Molecular Size and Conformation on the Electronic States 

Electronic devices based on π-conjugated organic semiconductors have gained popularity in a 

growing range of applications such as photovoltaics [2], thin-film transistors [3,4] and light-

emitting diodes [5]. The advantages of these carbon-based electronic devices over their 

inorganic counterparts include the versatility of controlling device optoelectronic properties 

through chemical tuning of the materials, the potential of low-cost production via high 

throughput fabrication techniques, as well as the mechanical flexibility. 

Depending on the molecular weight, organic semiconductors can be categorised into two types: 

small molecules and conjugated polymers. Thin films of the former are more often made by 

thermal evaporation, forming relatively structurally-ordered films. In contrast, conjugated 

polymers are usually processed from solution, by taking advantage of solubilising side chains 

attached to the π-conjugated backbone. Commonly used wet-processing techniques include 

spin-coating, zone-casting, and ink-jet printing. However, solution processing generally leads 

to thin films which are more structurally disordered. 
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Focusing particularly on the polymeric case, the above-mentioned opportunity of solution 

processability casts however ‘both blessing and curse’ for the class of materials. The structural 

disorders presented in these materials couples with the energetic disorders, affecting 

significantly not only the photophysical but also the electrical properties of the processed layer, 

due to the high relevance to the concept of density of states (DoS) in a continuum picture2 when 

concerning behaviour of charge carriers. 

Due to the absence of structural long-range order in the films, the length of π-conjugated 

polymer segments (over which charges are delocalised) is typically limited to a few repeating 

monomer units. These conjugated segments are separated by structural defects such as kinks 

or conformational twists along the polymer chains, or by chemical defects such as degradation-

induced chemical groups and saturated sp3-hybridised carbon atoms where sp2-hybridised 

atoms should be. Also, polymer chains are only weakly bound by van der Waals forces and 

this causes the electronic states to be localised on individual conjugated segments of individual 

chains. The important electronic states that give rise to semiconducting properties of these 

materials are the highest occupied molecular orbital (HOMO) for hole transport and the lowest 

unoccupied molecular orbital (LUMO) for electron transport. The variation in the conjugation 

length results in a distribution of HOMO and LUMO energies (known as the energetic disorder). 

In addition, the weak van der Waals interactions between polymer chains give rise to variations 

in chain packing and intermolecular geometries (known as the spatial or configurational 

disorder). The semiconductor cannot therefore be regarded as having two delocalised bands 

separated by an energy gap. Instead, the localised HOMO and LUMO states are subject to a 

distribution in energy space. The energetic distribution of HOMO and LUMO site levels (also 

known as the density of states) in disordered organic semiconductors is illustrated in Fig. 2.3 

with Gaussian distribution [6] assumed. However, it should be noted that the actual shape of 

the density of states (DoS) remains to be a topic of debate, and would be system and processing 

dependent. As we can see, the organic semiconductors are not metals since the band landscape 

(including the energetic position of Fermi level) is vastly different from that of the degeneracy 

picture featured in a metal. 

                                                 
2 A space- and time-resolved (and optionally, energy-resolved) numerical model for simulating the properties of 

a continuum (and effective) medium. E.g., in the specific case of this work, it is a drift-diffusion device model 

(for more information see Chapter 3). 
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Figure 2.3: Commonly seen illustration of HOMO and LUMO levels in disordered organic semiconductors 

with Gaussian form of DoS assumed. The successive reduction of electronic bandbaps due to stabilisation 

and polarisation effects are clearly illustrated. Figure adapted from [7]. 

Figure 2.4 shows the Jablonski diagram concerning vibronic (i.e. electronic and vibrational) 

transitions, following Franck-Condon principle or inter-system crossing. See caption of Fig. 

2.4. for details. 

 

Figure 2.4: Jablonski diagram of the various electronic transitions between the ground state S0, the first 

electronically excited singlet state S1, and the associated triplet state T1 of a molecule. Relaxation from S1 

may either occur by directly emitting a photon (fluorescence) or indirectly via inter-system crossing to T1. The 

latter is a ‘forbidden’ hence slow process involving the flip of spin that enables the de-excitation of the 

molecule by a non-radiative transition to the T1 triplet state as well as the relaxation from there to the ground 

state by emission of a photon (phosphorescence). 

 



 

17 

If we momentarily set aside the S1→T1 inter-system crossing route, and consider just singlet-

only transitional events, Fig. 2.5 sets a classic (but simplified) notion of the absorption and 

emission band diagram arose from the vibrational transitions described by Fig. 2.4 (see caption 

for details). We provide more real-world scenario of the comparison of Abs. and PL spectra in 

Chapter 6. 

 

Figure 2.5: Simplified potential energy surfaces with vibrational probability functions showing how a mirror-

image can arise between the electronic absorption and emission bands. Figure taken from Ref. [8]. 

2.3.2 Why Understanding of Carrier Transport and Mobility Matters? 

Understanding the origins of, as well as promoting toward high charge-carrier mobility in 

organic semiconductors are of crucial importance in order to optimise the performance 

characteristics of a range of organic electronic devices, including switching speed in thin-film 

circuitry [3], brightness and efficiency of light-emitting diodes [9] and collection efficiency in 

solar cells [10]. We need therefore to perform further research on this theme. 

Provide an overview of different mobility values from an amorphous polymer to single 

crystalline silicon in the following Table 2.1. 
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Table 2.1: A survey of the room-temperature mobility magnitude of common semiconductors (electrons and 

holes are treated equal though this is not the case in reality but they would not differ by an order normally). 

Material Mobility value (cm2 V−1 s−1) 

Conjugated polymers ~10−6–10 (material, deposition and probing methods dependent) 

Small molecules ~10−6–10 (material, deposition and probing methods dependent) 

Graphene Poorly defined (no bandgap at the Dirac point) 

IV: Amorphous Si ~1 (degree of hydrogenation dependent) (Hall effect or ToF) 

IV: c-Si ~1000 (Hall effect) 

IV: poly-Si ~10-100 (Hall effect) 

III-V: e.g. GaAs ~8000 (Hall effect) 

 

1.4 CHARGE TRANSPORT MODELS 

Understanding charge transport in disordered is a challenge task, since we have got both charge 

localisation and disorder at present, both being necessary consequences of the molecular nature 

of the materials and the solution-based processing routes. The combined effect of charge 

localisation and structural/energetic disorders inevitably leads to the macroscopic observations 

that (i) carrier transport in disordered organic semiconductors is controlled by phenomena on 

several length and time scales, and (ii) the experimentally observed apparent mobility is a 

function of a) charge density after trapping filling, b) mode of experimental operation, that is, 

equilibrium transport or non-equilibrium, c) device configuration, etc. 

Various theories have been proposed to describe how charge carriers transport occurs within a 

disordered semiconductor medium. Here we outline a few of them in Sections 2.2.1–3. 

2.4.1 Marcus Charge Transfer Theory in the Non-Adiabatic Limit 

By incorporating the strong electron-phonon coupling nature of ‘soft’ organic materials, 

Marcus non-adiabatic charge transfer theory describes charge transfer event between 

neighbouring sites (molecules or polymer conjugation segments) in the limit of weak electronic 

coupling J (aka transfer/overlap integral) [11]. To calculate charge hopping rate Γ using 
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Marcus theory, we need to know both the free energy difference ΔE between the initial and 

final states (with ΔE = Efinal − Einitial), and the reorganisation energy λ0 of the molecules, which 

is a measure of the energy paid to reorganise the geometry of the molecules when it changes 

state 
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and h is the Plank’s constant. Marcus theory has been extensively applied to microscopic, 

Monte Carlo simulations of charge transport in organic semiconductors. Such examples can be 

found in Refs. [12–14]. 

2.4.2 Miller-Abrahams Model 

Apart from the above-mentioned Marcus theory, a simpler form proposed by Miller and 

Abrahams describes charge transfers as thermally activated tunnelling events without 

considering polaronic relaxation is also often used [6,15,16]. In the Miller-Abrahams 

expression, depending on uphill or downhill transfer, charge hopping rate Ki→j from site i to 

site j is asymmetrically given by 
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where is ν0 the attempt-to-escape rate; γ the inverse localisation radius signifying the electronic 

wavefunction overlap of sites i and j; rij the distance between site i and j; Ei and Ej the energy 

levels of the respective sites under the influence of an applied field. We note from Eqs. 2.2 and 

2.3 that the contributions of tunnelling and thermal activation are explicitly accounted for in 

the Miller-Abrahams expression: The first exponential term in Eqn. 2.2 and the only 

exponential term in Eqn. 2.3 correspond to the tunnelling effect; The thermal activation comes 

from the second exponential term in Eqn. 2.2, which is a Boltzmann penalty term for a charge 

to hop uphill in energy, whereas for energetically favourable downhill transitions the 

probability is always assumed to be unity, as indicated by Eqn. 2.3. 

http://boards.straightdope.com/sdmb/showthread.php?t=504767
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The Miller-Abrahams model was originally applied to disordered inorganic semiconductors 

and later adapted by H. Bässler and co-workers to describe charge transfer between weakly 

coupled conjugated segments in their Gaussian disorder model (GDM) [6]. In this model, 

variations in site energy are included to represent energetic disorder and variations in electronic 

coupling are included as well in order to account for the distribution of separation and relative 

orientation of conjugated segments in an organic semiconductor. 

Figure 2.6 depicts the effect of barrier lowering due to the exertion of electric fields, the effect 

is termed widely as Poole-Frenkel effect. The effect partly explains the field-dependent 

mobility characteristic in disordered semiconductors. 

 

Figure 2.6: Poole-Frenkel effect of a ‘potential well’ for carriers to pop out due to the presence of electric 

filed. Note the lowering of the barrier expressed by β(E)1/2. 

2.4.3 Multiple-Trapping Model 

Being originally proposed to describe dispersive transport behaviours amongst disordered 

inorganic semiconductors such as a-Si and polysilicon [17,18], the multiple-trapping model is 

another established theory that has later been applied to rationalise experimentally measured 

transport data of organic semiconductors and to further determine the trap DoS [19]. 

Comparing to other charge transport theories, the multiple-trapping model is of the most 

relevance to the simulation model [20] adapted in this study. As illustrated in Fig. 2.7, the 

multiple-trapping model assumes that charge carriers either move in the delocalised band (or 

being more generalised as an effective transport level for organic materials [7,21]) with a 

known drift mobility, or are temporarily trapped in a distribution of trap states below this 
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transport edge. No carrier hopping events from one localised trap state to another are 

considered. Instead, it is assumed that the trapped charge carriers can only move when they are 

thermally excited to the transport level. Such trapped carriers may be released after a retention 

period strongly relating to the trap depth with respect to the effective transport level (see 

Section 2.4 for details), or they may annihilate with carriers of opposite sign with such process 

usually described/considered by the either Shockley-Read-Hall (SRH) [22], or Langevin 

recombination formalisms [23,24], or even sometimes a combination of both [20,23]. 

 

Figure 2.7: Illustration of charge-carrier transport within the frame work of multiple-trapping model. 

In comparing the effect of choosing hopping or multiple-trapping model on the physical 

interpretation of transport behaviours, Nelson (and of course many other groups!) has found 

that when a deep distribution of traps is present (e.g. by having a reasonably large characteristic 

energy in the case of an exponential distribution of trap states), the charge dynamics are mainly 

dominated by the deep tail of trap states and are not sensitive to the choice of model in use [25]. 

2.4.4 On the Attempt-to-Escape Rate 

The attempt-to-escape rate for carriers in disordered semiconductors could be taken as the 

probability that an electron attempts to break from its bond and thus be released from a site (i.e. 

a π-conjugated segment for organics or a group of atoms for inorganics, where the charge gets 

delocalised over). (Hole could be thought as the absence of an electron.) Given that, first, the 

Debye frequency (typically on the order of 1013 s−1) sets the upper limit on the rates of phonon 

modes, and second, the yet slight delocalisation effect of carriers over atoms when detained in 

a trapping site, the attempt-to-escape rate of sub-bandgap states would be reduced from the 

magnitude of phonon modes by the probability that an electron is located on the bond. 
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For more relevant discussions with regard to physical significance of the attempt-to-escape rate 

see Refs. [26,27]. 

2.4.5 Shockley-Ramo Theorem for Displacement Current 

The Shockley-Ramo theorem [28,29] concerns the instantaneous value of the current induced 

on selected electrode by the moving charge over its entire time of transit. This is the 

fundamental basis for allowing us to monitor a time-varying current via the external 

instrumentation whilst a displacement current is in transit inside the bulk of a photoconductive 

medium. Figure 2.8 illustrates such notional picture. 

 

Figure 2.8: Illustration of charge-carrier transport within the frame work of multiple-trapping model. 

1.5 THE SIGNIFICANCE OF PROBING SUB-BANDGAP STATES 

As we have discussed, for a given system the density of states (DoS) describes the energetic 

distribution of states that are available to be occupied by charge carriers. For organic 

semiconductors, the intrinsic localised states of the lowest lying LUMO energies and highest 

lying HOMO energies due to disorder could act as charge carrier traps [7]. In addition, 

chemical impurities such as catalysts, unintentionally introduced dopants and oxygen-exposure 

related defects are commonly presented within organics, possibly creating extrinsic shallow or 

deep trap states lying within the HOMO/LUMO bandgap. The presence of these unfavourable 

energy states would also largely influence the charge transport properties. 

Traps strongly affect the charge transport properties and one of the major outcomes is the 

reduced carrier mobility. A lowered carrier mobility degenerates the performance of various 

organic electronic devices: For solar cells, it reduces the energy conversion efficiency by 

allowing recombination (often trap-limited) to compete with charge collection [30]; For light-
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emitting diodes it lowers the output brightness by reducing injection efficiency thus prohibiting 

the onset of the preferred space-charge-limited operation regime [31]; For thin-film field-effect 

transistors it limits the switching speed. Based on the multiple-trapping model, charge carriers 

do not take part in the charge transport while they are temporarily trapped [17]. However, their 

coulombic charge will still distort the electric potential landscape within a device and thereby 

influencing the transport. Also, for alternating-current (a.c.) operated devices, trapped carriers 

can cause delay and hysteresis effects [7]. Moreover, it is intuitive that for a given trap DoS, 

the fraction of trapped charge carriers depends on temperature and charge density (so-called 

the ‘trap-filling effect’), making transport behaviours hence device performances sensitive to 

these parameters. For all those reasons, it is crucial for us to be able to apply experimental 

techniques to first quantify the distribution of localised sub-gap states and, ultimately develop 

means to control them in a manner which will facilitate a better device performance. 

A number of experimental techniques have been applied to probe the distribution of localised 

states in neat organic semiconducting materials, including but not limited to field-effect 

transistors characterisation [19,32], space-charge-limited current (SCLC) measurement [33], 

Kelvin probe force microscopy [34], thermally stimulated current (TSC) [35–37], thermally 

stimulated luminescence (TSL) [37,38], deep-level transient spectroscopy (DLTS) 

measurement [39], and electrochemical impedance spectroscopy based method [40]. For blend 

systems such as organic photovoltaic (OPV) devices, previous studies have attempted to 

determine the DoS by using capacitance–voltage [41] or impedance spectroscopic 

techniques [42], transient photocurrent (TPC) measurement [23,43], etc. 

We note that a paper by L. Xu et al. [44] addresses carrier transport effect on C–f data analysis, 

and DoS, similar so as Pacios et al. [45]. The C–f-type of analysis was first applied to 

investigate the defect-state energy and distribution in inorganic thin-film photovoltaic devices 

by Walter et al. [12] and Hegedus et al. [13], and recently adapted to characterise defect states 

in OPV devices [5,14–19]. 

1.6 EXTRACTING DENSITY OF STATES FROM TIME-OF-FLIGHT 

PHOTOCURRENT ANALYSIS 

Treating the multiple-trapping model as a starting assumption, Tiedje and Rose had originally 

derived an interpretation of dispersive transports commonly observed in ToF transients, as 
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being due to the progressive thermal activation of trapped carrier in a distribution of tail states 

as time develops [17]. Based on their work, Seynhaeve et al. extended the theory to estimate 

the band tail distribution of hydrogenated amorphous silicon (a-Si:H) from experimental ToF 

data [46]. The model was later adapted by Street [23] and MacKenzie et al. [43] to complement 

their experimental TPC studies on organic bulk-heterojunction solar cells for DoS extractions. 

Following the sequences of an experimental ToF practice (as described in Section 3.3.2, in 

Chapter 3), we try to explain herein the physical concept applied in this study for the recovery 

of sub-bandgap states from experimental ToF data. 

Within the frameworks of both multiple-trapping model and Shockley-Read-Hall (SRH) 

formalism, a same value of carrier capture cross-section is usually assumed for all localised 

states independent of their energy levels in the mobility gap [17,20,43]. This implies that after 

the very first relaxation and trapping events triggered by a flash of photoexcitation ( 1

0t  − ), 

there will be an identical fraction f of excess carriers captured across each energy level in the 

band tail. And for the case of an exponential tail, Fig. 2.9 illustrates with a shaded area the 

distribution of occupied states, whose sub-mobility-edge envelope parallels the trap DoS on 

the logarithmic scale. 

 

Figure 2.9: Initial distribution of photo-generated excess carriers shortly after optical excitation. In the band 

tail, the population of electrons is proportional to the trap DoS. Figure adapted from [47]. 

At an arbitrary moment after this initial distribution, excess carriers energetically situated at or 

above the mobility edge are able to diffuse and drift across the ToF sample under the influence 

of an applied field, while carriers condensed into the tail states are treated as immobile. As 

mobile carriers travel to the contacts, they can be repeatedly trapped into the tail states and 

promoted back to the transport edge by thermal activation. This multiple trapping and release 
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process retards the transport of some carriers, and within the ToF pre-transit regime this could 

be reflected by a slightly sloping plateau (see transients in Fig. 3.7, Chapter 3 as an example). 

Trapped carriers exhibit a very wide distribution of carrier retention period as a function of trap 

depth, in other words, the trapped carrier escape rate Rescape strongly depends on the trap depth 

E, and can be statistically described by a Boltzmann factor 

 B

escape 0

k T

E

R e
−

=  (2.4) 

where ν0 is the attempt-to-escape rate, kB the Boltzmann’s constant, and T the absolute 

temperature. 

Once Rescape is multiplied by time t, we get an estimate of the number of carrier detrapping 

events Ndetrap as a function of trap depth E, as the time evolves 

 B

detrap 0

k T

E

tN e
−

=  (2.5) 

We note from Eqn. 2.5 that the number of detrapping events Ndetrap decreases exponentially as 

the trap level deepens. Till some point Ndetrap will drop less than unity. Since intuitively a 

fraction of detrapping event is unphysical, the energy level at which Ndetrap corresponds to unity 

marks the demarcation energy E*(t) for carrier detrapping 

 B 0

*( ) ln( )k TE tt =  (2.6) 

We therefore assume that for deep trap states situating underneath the demarcation energy E*(t), 

there will be negligible events of carrier detrapping. In contrast, for shallower trap states above 

E*(t), there are frequent carrier trapping and thermal activation processes, as such, the 

shallower traps are approximated to be thermalised to a Boltzmann distribution [17,47] 

 
*

*
B

above-E

E E

k T
f f e

−

=  (2.7) 

In the ToF post-transit time regime where the photocurrent is dominated by detrapping of 

trapped carriers, the above description of distribution of carriers can be schematically 

illustrated in Fig. 2.10, where a mono-exponential distribution sub-bandgap states is presented: 

The horizontal arrow indicates the evolution of E*(t) in the sub-bandgap space with time; The 
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arrow pointing upward shows that f will in general increase with time because detrapped 

carriers might get recaptured into deep states and accumulate there until E*(t) has progressed 

to that certain energy depth such that carriers trapped at that deep level could be released. As 

already mentioned, statistically the relative carrier population captured at each energy level is 

proportional to the DoS distribution instead of the energetic depth, we therefore would expect 

in Fig. 2.10 an overall upwards shift of the distribution of carrier below E*(t), such that its 

envelope always parallels the band tail DoS as time increases. 

 

Figure 2.10: Distribution of carriers in the post-transit regime, where a mono-exponential distribution of sub-

bandgap states is depicted. The arrows indicate the evolution of E*(t) and the distribution of carriers with time. 

Figure adapted from [47]. 

It is apparent from Fig. 2.10 that E*(t) marks a sharp maximum in carrier distribution (mind the 

logarithmic scale). At time t in the post-transit regime, carriers are predominantly released from 

states in the vicinity of E*(t), because the shallower trap states were mostly emptied at shorter 

times, and the deeper states have both a negligible emission probability and a much lower 

carrier concentration. If we assume there are minimal re-trapping events provided that the 

internal field is reasonably high, the distribution of excess carriers within deep traps below E*(t) 

can be regarded as unperturbed by having the initial fraction of occupation f (we note that this 

approximation may lead to the invalidity of the DoS extraction method to be applied for 

photocurrent at very long times, since in reality the f value gradually increases as time 

progresses, see Fig. 2.10). By further neglecting loss of carriers via recombination (which is a 

fair approximation for ToF which investigates unipolar transport,3 photocurrent in the post-

transit regime can be expressed as being proportional to the DoS at the demarcation energy 

E*(t) multiplied by the rate at which the demarcation energy changes with time 

                                                 
3 That is, transport due to one charge carrier species of either holes or electrons. 
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*
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dE

fg Ei t qv
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=  (2.8) 

where q is the elementary charge, v is the device volume, and f is the fraction of states occupied 

just after the laser pulse has ended. Substituting Eqn. 2.6 which bridges time and energy yields 

 
*
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g E

qvfk T
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Eqn. 2.9 essentially suggests that the DoS at a given trap level E is proportional to the product 

of photocurrent i(t) and time t. By further applying Eqn. 2.6 which provides the mapping from 

t to E, the desired relation between density of trap states and energy level could be established. 

Since an accurate estimation of the proportion f of filled trap DoS right after the outset of a ToF 

practice is experimentally challenging, instead of reconstructing an absolute DoS distribution, 

result from Eqn. 2.9 is often normalised thus a relative DoS distribution obtained. In this study, 

we apply the method outlined above as a means to gain knowledge about the distribution of 

trap states of disordered organic films. Finally, it should be stressed that this ‘i(t) × t’ DoS 

extraction approach outlined above only holds valid in post-transit regime where the ToF 

photocurrent is dominated by thermal activation of trapped carriers. 

1.7 CARRIER MOBILITY DETERMINATION USING FREQUENCY-

RESOLVED METHODS 

Alongside the utility of time-resolved methods for the determination of apparent carrier 

mobility values, we have also used in a set of frequency resolved tools for this mission. For the 

sake of concision, an elaborated description touching upon the basis is provided in Section 

3.5.6 in Chapter 3, and hence is not intended to be repeated here. The reader interested in 

extraneous details of this category of techniques can further refer to works by S. Tsang et al. [48] 

and D. Tripathi et al. [49]. 
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1.8 MOTIVATIONS FOR THIS RESEARCH WORK 

This thesis is concerned with the development of experimental and simulation methods to 

characterise the density of states in organic semiconductors, and to relate the density of states 

both to the chemical structure and physical arrangement of the molecular components, and to 

relate the observed charge transport behaviour to the density of states. In particular, we will 

seek to relate the transport behaviour observed for the same conjugated polymer, processed in 

the same way, in different experiments back to a single description of the density of states 

(focus of Chapter 4). We will address the specific effect of known modifications in molecular 

organisation and in chemical structure on hole transport in a conjugated polymer (Chapter 5). 

Finally, we address the case of a conjugated polymer with a reportedly low degree of energetic 

disorder in Chapter 6, and use this to consider the limits to charge transport in such materials. 
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Chapter Ⅲ 

Experimental and Modelling Methods 

半畝方塘壹鑒開 天光雲影共徘徊 

問渠那得清如許 爲有源頭活水來 

南宋 朱熹 
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1.9 SUMMARY 

In this Chapter, both the key experimental and numerical modelling methods are outlined. 

Firstly, the materials used and the sample and device fabrication protocols are detailed. These 

Sections are followed by optical spectroscopic methods, (opto-)electrical characterisation 

techniques, and finally by an overview of the numerical methods adopted. 

A small amount of data acquired by means of several other methods or techniques will be 

presented in this Thesis. Wherever this applies, relevant procedures will be specified alongside 

the results. 

1.10 MATERIALS 

3.10.1 Conjugated Polymers 

Conjugated polymers comprise the active layers of the devices studied, and are therefore the 

crucial elements we are concerned with. We summarise the (solution-processable) polymeric 

material systems selected for the constituent studies of this Thesis, as follows. 

PFO 

We made intensive uses of high-molecular-weight (HMW) and low-molecular-weight (LMW) 

poly(9,9-dioctylfluorene) (PFO). The reader is able to find the specifications for both the HMW 

and the LMW PFO polymers studied in this work in Table 4.1, Chapter 4 (p. 52). 

For each specific research topic involving PFO, we shall point out the batch(es) used: 

a. For Chapter 4, both HMW and LMW materials were studied for the impact of the 

planarised β-phase conformation of PFO on charge-carrier transport. This allows us to 

additionally investigate the effect of molecular weight on the resultant microstructure 

and electronic transport 

b. For Chapter 5, LMW polymer was selected for the transport study on PFO following 

nucleated crystallisation, while HMW polymer was applied for the transport study in 

the presence of keto defects introduced via photodegradation 
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Details of PFO material characterisations and the related data, including gel permeation 

chromatography (GPC), thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) are collectively presented in Sections 4.4.2, 4.4.3 and 4.5.1 of Chapter 4 

(pp. 54–55, 57 and 62–63, respectively), with the exception that the DSC on LMW PFO is 

reported in Section 5.4.2, Chapter 5 (pp. 108–111). 

C16IDT–BT 

In addition to its chemical structure shown in Fig. 6.1, information on this hexadecyl-

substituted version of indacenodithiophene-alt-benzothiadiazole copolymer (C16IDT–BT) can 

be retrieved from Table 6.1, Chapter 6 (p. 138). 

3.10.2 Contact Materials for Single-Carrier Devices 

We list the collection of hole injection layer materials and metals applied to accomplish hole-

only devices in this work. 

PEDOT:PSS 

Conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; 

work function ~5.2 eV; Heraeus Clevios™ P VP AI 4083) was selected as the interlayer on ITO 

for making asymmetric PFO hole-only devices. See Section 3.3.3 for details. 

Platinum 

Platinum (Pt; purity 99.99%) pellets for electron-beam evaporation were sourced from Kurt J. 

Lesker® Company. Pt was deposited on ITO (which serves well as an adhesive layer) in order 

to realise symmetric C16IDT–BT hole-only devices. See Section 3.3.3 for details. 

Molybdenum oxide 

Ultrathin layers (~5 nm) of molybdenum oxide (MoOx; purity ≥99.5%; Sigma-Aldrich) were 

thermally evaporated atop active layers to establish Ohmic contacts for hole-only devices. The 

MoOx interlayers were further capped by ~100 nm gold (Au) as top metallisation. See Section 

3.3.3 for details. 
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3.10.3 Top-Contact Metallisation 

Aluminium (Al; purity 99.999%) and gold (Au; 99.99%) pellets for thermal evaporation of top 

contacts for (opto-)electrical devices were both obtained from Kurt J. Lesker® Company. 

3.10.4 Nucleating Agents 

We adopt two commercially-available nucleants Millad® NX8000 and Millad® DMDBS for 

the nucleated crystallisation study. This work forms a constituent part of Chapter 5. Information 

on the chemical structures of the nucleating agents (Fig. 5.4) and their DSC thermograms (Fig. 

5.5) are presented on pages 107 and 108. 

Both NX8000 and DMDBS nucleants were supplied by Milliken® Chemical. 

3.10.5 Organic Solvents 

All organic solvents used in this work are of HPLC-grade (typically with a purity of at least 

99.5%). The list of solvents includes acetone, 2-propanol (commonly abbreviated as IPA), 

toluene, chloroform, chlorobenzene, and ortho-dichlorobenzene (o-DCB). The suppliers of the 

solvents include Sigma-Aldrich, VWR Chemicals and Fisher Scientific. 

We shall explicitly state, on a case-by-case basis in each relevant Section of the Thesis, the 

solvent(s) used for the individual sample or device fabrication process, as well as for polymer 

characterisations such as GPC and optical spectroscopies (incl. UV-Vis, PL and TCSPC) in the 

dilute solution form. 

1.11 SAMPLE AND DEVICE FABRICATION 

First, we describe the ‘global’ practices/conditions for sample and device making throughout 

this work, as follows. As the only exception, for optical spectroscopic C16IDT–BT thin films 

prepared at Institut de Ciència de Materials de Barcelona (ICMAB), the reader is referred to 

Section 6.4.2 (Chapter 6) for fabrication details. 

• All solution and film preparations at Imperial College were performed in a clean ambient 

atmosphere (that is, a class-1000, or equivalently ISO-6 cleanroom) 
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• Solute was weighed using Mettler-Toledo analytical balances (e.g. model AB54-S/FACT) 

with a 0.1 mg readability, followed by dissolution in the appropriate organic solvent and as 

per the required solution concentration 

• Each freshly-prepared solution was kept stirring with PTFE magnetic followers for at least 

4–5 hours (in most cases overnight) at ~50 °C to ensure homogeneous dissolution 

• Prior to film deposition, depending on the specific molecular weight profile, polymer 

solution was filtered using either 0.45-μm or 1-μm pore size Chromafil® PTFE membrane 

filters (from MACHEREY-NAGEL GmbH & Co. KG) to remove any potentially 

undissolved chain aggregates and dust/particulates 

• Regardless of the type of substrate used, the substrate was ultra-sonicated sequentially in 

acetone, ~2% solution of Decon 90® with deionised (DI) water and 2-Propanol (IPA) baths, 

with each sonication step lasting for 15 minutes. Between the successive steps, the substrate 

was thoroughly rinsed with IPA and then blow-dried with compressed nitrogen flows. Using 

an Emitech K1050X plasma asher/cleaner, the substrate was then oxygen plasma ashed for 

5 minutes at an RF (13.56 MHz) power of 80 Watts in order to remove any (potentially) 

remaining organic substances and enhance the surface energy for optimum wettability 

• All films were spin-coated using a Laurell Technologies® spin coater, model code WS-

650MZ-23NPP 

• For a given solution viscosity, the final film thickness d attained via spin coating can be 

adjusted by tuning the spin speed (usually expressed in revolutions per minute, or rpm) 

typically following an empirical relation described by Eqn. 3.1 [1] 

 
1

rpm
d 

 

(3.1) 

However, in this way, the tuneable range of the resultant thickness will be relatively 

confined. As a rule of thumb, a more effective route to varying the layer thickness is to 

modify the solution viscosity via concentration 

• For thick-film (> 1 µm) preparation, a second high-speed ‘film smoothing’ stage (typically 

with 2,000 rpm for 30 s) was applied, alongside the first slow-spin stage which would 

determine the thickness of the cast layer 
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• When necessary, post-deposition treatments on active layers were invariably carried out 

prior to the evaporation of top contacts: all solvent vapour exposure processes were carried 

out inside a ducted extraction fume hood; all thermal treatments were performed within a 

pure-nitrogen-filled glovebox (custom-built, MBraun) to avoid thermo-oxidative 

degradation 

• After film deposition and/or solvent-vapour-involving post-deposition treatments, the films 

were desiccated over several hours to remove any residual trapped solvent 

• Final temperature within the thermal evaporation chamber (MBraun) was monitored to be 

at most 35 °C for all top-contact deposition runs: this rules out any potential phase 

transitions of the active layers concerned in this work 

• Layer thickness was determined by a Tencor AlphaStep® 200 or a DektakXT™ surface 

profilometer 

• A Hellma® Analytics cuvette cell (100-QS type: product code 100-10-40, fused-silica glass 

SUPRASIL®, 200–2500 nm) featuring a 10-mm path length was used for solution-based 

UV-Vis, PL and TCSPC measurements 

Next, we proceed to describe procedures that are specific to various samples or devices. 

3.11.1 Substrates 

Regarding the choice of substrates: 

a. For optical spectroscopies on polymer thin films, Spectrosil® B fused-silica substrates 

were used (12 × 12 mm2; thickness ~1 mm). The substrates were purchased from UQG 

Optics Ltd. 

b. For time-of-flight (ToF) and single-carrier devices, as well as samples for energy-

resolved electrochemical impedance spectroscopy (ER-EIS), glass/indium-tin oxide 

(glass/ITO) substrates were used, however with optional interlayers treated on top 

depending on the required device structures. These substrates were sourced from 

PsiOTec Ltd, Hertfordshire. 

We now provide fabrication protocols for the samples and devices investigated in this work. 
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3.11.2 Optical Spectroscopies: Thin Films on Fused-Silica Substrates  

In most cases, thin films (~60–100 nm) were deposited onto fused-silica substrates for 

spectroscopic probes including UV-Vis, PL, TCSPC, Raman scattering, VASE, et cetera. Note 

that, when necessary, we also conducted PL and Raman measurements on optically-thick layers 

(some deposited on glass/ITO substrates), in order to access their specific 

structural/morphological properties. 

PFO 

Solution of HMW PFO (7 mg ml−1 in toluene) were spin-coated onto thoroughly cleaned, O2-

plasma-treated fused-silica substrates at 1,200 rpm (with the maximum, 10,000 rpm s−1 

acceleration rate), yielding PFO thin films with thickness of ~65 nm. For the purpose of 

fabricating ‘baseline’ in-plane isotropic glassy PFO films with maximally suppressed β-phase 

and crystalline chain segments, both the solution and substrates were placed on a hotplate set 

at 95 °C (however below the boiling point of toluene, ~111 °C, to avoid bubbling) for at least 

3 minutes immediately prior to spin-coating. The total duration of steps including (i) the transfer 

of the preheated substrate to the vacuum chuck, (ii) pipetting hot PFO solution onto the 

substrate, (iii) closing the spin coater lid, and (iv) initiating spin was controlled to be less than 

8 s. We refer to the process (vide supra) as ‘hot-spin’ for PFO films. 

To generate β-embedded and ‘cold-crystallised’ film variants, the hot-spun PFO layers were 

further treated, according to processes that will be covered below in Sections 3.3.4 and 3.3.5, 

respectively. 

C16IDT–BT 

10 mg ml−1 solution in chlorobenzene; spinning at 1,500 rpm for 60 s; acceleration rate 10,000 

rpm s−1: this processing protocol yields 80-nm-thick C16IDT–BT films. 

3.11.3 Electrical Measurements: Films on Glass/ITO Substrates with Optional Interlayers 

In the present work, the fabrication process of every (opto-)electrically characterised device 

starts from 12 × 12 mm2 glass substrates (thickness ~1 mm) with the central 8 × 12 mm2 area 

featuring indium-tin oxide (ITO) stripes pre-patterned on top serving as the (transparent) front 
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electrode. Figure 3.1(a) illustrates the layout of such a glass/ITO substrate; sheet resistance of 

the ITO stripe (represented in grey) is ~10–15 Ω/□. 

 

Figure 3.1: Schematic top views of (a) the bare glass/ITO substrate and (b) finished devices thereon. In (a), 

the 12 × 12 mm2 glass substrate is partially covered by an 8 × 12 mm2 ITO stripe (grey). Thickness of the 

ITO layer varies from 150 to 250 nm depending on batches of manufacture. Thickness of the main glass 

substrate is ~1 mm; in (b), six top electrodes (sky blue) are deposited via thermal evaporation under high 

vacuum (≤10−6 mbar) through a shadow mask, thereby forming six separate devices (pink). The overlap 

between top contact and ITO stripe defines the effective geometric area for each single device (~4.5 mm2). 

Electrical connection to the bottom ITO electrode is established by applying conductive silver paste (orange) 

at either edge of the ITO stripe after physically removing the local organic layer. Such configuration allows 

for characterisations of six individual devices on one substrate and hence comparison of their 

property/performance uniformity. 

HMW and LMW PFO ToF devices 

In Chapter 4, the optically-thick (~1.8 μm) HMW glassy PFO photoconductive layers for ToF 

devices were prepared according to the ‘hot-spin’ procedures described above, except from 

spin-coating 30 mg ml−1 viscous HMW PFO solutions in toluene at 800 rpm for 60 s (with 

1,000 rpm s−1 acceleration rate), followed by a 30-s ‘smoothing’ step at 2,000 rpm, onto cleaned, 

O2-plasma-treated glass/ITO substrates. Moreover, for these thick films, an aluminium vacuum 

chuck was also employed and preheated to ~95 °C, in order to promote maximally rapid solvent 

evaporation during the deposition process and thereby prevent chain relaxation during 

solidification [2]. Likewise, LMW PFO photoconductive layers (~3–4.1 µm) were also cast via 

‘hot-spin’, however using ~700–1,200 rpm and a higher concentration of ~70 mg ml−1. 
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Prior to top contact deposition, in order to generate β-embedded and ‘cold-crystallised’ layer 

variants, the hot-spun PFO layers were further processed, following procedures described 

below in Sections 3.3.4 and 3.3.5, respectively. 

In Chapter 5, prior to thermal treatments, all layers for the nucleated crystallisation ToF study 

were initially spin-coated at room temperature with similar solution concentration and spin 

protocols to those specified above for the LMW PFO. We dub such layers ‘as-cast’ films. 

Keto-embedded PFO ToF devices 

Photodegraded HMW PFO solution was used to prepare ToF layers with homogeneously 

distributed keto defects. The films were hot spun by adopting the same conditions as for HMW 

PFO ToF layers in Chapter 4 (vide supra). 

The reader is directed to Section 3.3.6 (vide infra) for the solution degradation procedures. 

Top metallisation for ToF devices 

Sandwich-like ToF devices (as shown in Fig. 3.2) were completed by thermally evaporating 

aluminium (Al) counter electrodes under high vacuum (≤10−6 mbar) through a shadow mask, 

thereby defining 6 ‘pixels’ for one substrate, with each featuring a geometric device area of 

~4.5 mm2. Optical spectroscopies on optically-thick films (e.g. PL and Raman) were performed 

on the same samples, by spatially selecting regions not masked by the Al top metallisation. A 

top view of the completed devices is shown in Fig. 3.1(b). We further note that such device 

layout holds valid for both ToF and single-carrier devices prepared for this work. 

Before electrical characterisations, a contact to the ITO underneath the deposited active layer 

was made by scratching off a tiny area of polymer film near either edge of the substrate, and 

applying conductive silver paste thereafter (see Fig. 3.1(b)). Silver paste was also applied to 

each top contact stripe in the region that offsets the ITO stripe. These steps ensure reliable 

electrical contacts to the spring-loaded pins of the device chamber for (opto-)electrical probes. 
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Figure 3.2: Cartoon of the sandwich-like ToF device structure. The varied blue shades of the spatially 

disordered polymer chains symbolise the presence of energetic disorder among charge transport sites. Both 

ITO and Al serve as excellent blocking (non-injecting) contacts (see Section 3.5.2 for details) for the 

photoconductive layer. Laser excitation pulse is delivered to the photoconductive layer through the 

transparent conducting oxide, ITO. 

PFO asymmetric hole-only devices 

Device configuration (Fig. 3.3): glass/ITO/PEDOT:PSS (~30 nm)/PFO possessing different 

microstructures and layer thicknesses/MoOx (~5 nm)/Au (~100 nm). 

 

Figure 3.3: Cross-sectional view of the asymmetric hole-only stack. The layer thicknesses are not depicted 

to scale. 

The ~30 nm PEDOT:PSS interlayer was cast at 3,000 rpm (acceleration 10,000 rpm s−1) for 

60 s, then heated at 130 °C for 15 minutes in clean ambient atmosphere to remove any residual 

water and promote conductivity. 

Comparing with the PFO HOMO value (ca. −5.8 eV relative to vacuum level [3–5]), we can 

identify that although the barrier for hole injection is lowered by ~0.5 eV (cf. work functions 

of ITO ~4.7 eV and PEDOT:PSS ~5.2 eV), PEDOT:PSS is still far from being ‘deep-lying’ 

enough to match PFO HOMO level and hence establish an Ohmic contact for holes. 

HMW PFO layers for hole-only devices were cast from 10 mg ml−1 solutions in toluene, using 

settings 1,200 rpm for 60 s and an acceleration rate 10,000 rpm s−1. This processing route 
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delivers ~135 nm thin films; LMW PFO counterparts: 30 mg ml−1 solutions in toluene, 1,200 

rpm for 60 s, and an acceleration rate 10,000 rpm s−1 led to ~600 nm films. 

Prior to top contact deposition, in order to generate the β-embedded variant, the hot-spun PFO 

layers were further processed, following procedures described below in Sections 3.3.4 and 

3.3.5, respectively. 

High-vacuum-deposited MoOx has been revealed as a strong n-type semiconductor featuring 

large electron affinity (EA or χ; ~6.7 eV) and ionization energy (IE; ~9.7 eV) as well as a high 

work function (WF; ~6.8 eV), by detailed ultraviolet photoemission spectroscopy (UPS) and 

inverse photoemission spectroscopy (IPES) studies [6,7]. Hole injection in HOMO of organic 

layers can therefore be favourably achieved via electron extraction through the deep-lying 

MoOx conduction band aligned to the HOMO levels [6–8]. As for PFO, specifically, Nicolai 

et al. [9] reported successful utility of MoOx as the Ohmic hole injection interlayer. 

A simplistic estimate of the built-in potential (Vbi) of the asymmetric PFO hole-only devices 

based on the nominal injection level offset gives Vbi ~0.6 eV. In Chapter 4, we further 

performed capacitance–voltage (C–V) measurements to provide experimentally extracted 

values for the Vbi (see Section 4.7.2). 

C16IDT–BT symmetric hole-only devices 

Device configuration: glass/ITO/Pt (~85 nm)/as-cast C16IDT–BT/MoOx (~5 nm)/Au (~100 

nm). 

In this work, due to the nominal large work function (> 6 eV under vacuum), Pt (~85 nm) was 

deposited onto ITO substrate, forming an Ohmic hole contact for C16IDT–BT polymer. (As 

opposed to PFO, C16IDT–BT features a more ‘forgiving’ HOMO of ca. −5.4 eV relative to 

vacuum level [10].) The ITO serves as a reliable adhesion layer for Pt. 

The actual work function measured from freshly O2-plasma-ashed Pt layer is ~5.5–5.6 eV, by 

Kelvin probe method [11]. 

The Pt e-beam evaporation was carried out in London Centre for Nanotechnology (LCN), using 

an Edwards A500–FL500 electron-beam evaporator. 
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C16IDT–BT layers for hole-only devices were spun from 30 mg ml−1 solution in chlorobenzene, 

using settings ~1,400–1,800 rpm for 60 s, and 10,000 rpm s−1 acceleration rate. This processing 

protocol delivers thin films of ~680–770 nm. 

Top contact for hole-only devices 

Throughout this work, top contacts for both PFO and C16IDT–BT hole-only devices were 

deposited by sequentially thermal evaporating MoOx (~5 nm) and Au (~100 nm). The 

evaporation was performed in-one-go under a continuous base pressure of ≤ 1 × 10−6 mbar. 

3.11.4 Inducing Beta-Phase by Exposing Glassy PFO Layers to Solvent Vapours 

To induce planarised β-phase conformers in pristine glassy PFO layers (both thin and optically-

thick), post-deposition solvent vapour exposure was performed, as illustrated in Fig. 3.4. The 

procedures are detailed as follows. The samples were placed within an enclosed chamber 

formed by an upturned large petri dish and a hotplate surface. The hotplate surface was kept at 

50 °C to promote evaporation of toluene from a small petri dish placed atop. During the vapour 

exposure process, films were physically elevated from the stage to prevent direct thermal 

contact and potential film crystallisation into the α’-phase [12]. The vapour exposure duration 

was set to one hour (hence with the treatment abbreviated as ‘1hrSVE’). Note that this 1-hour 

treatment was for a period significantly longer than the ~10 minutes spell estimated by Caruso 

and Anni for the saturated formation of β-phase chain segments in 400 nm toluene-vapour-

exposed films [13]. 

 

Figure 3.4: False-colour sketch of the solvent vapour exposure apparatus. The red stage represents the 

hotplate surface kept at 50 °C during the process, in order to promote evaporation of toluene (light blue) from 

a small petri dish placed atop. The lime-green pieces represent the substrates coated with glassy PFO 

polymer layers. The samples are lifted above the hotplate surface by ~1 cm using thermal-insulating plastic 

vial lids as stands. This way, we prevent direct thermal contact and potential film crystallisation into the α’-

phase [12]. An enclosed space is achieved by placing a larger, inverted petri dish onto the hotplate surface. 

The vapour exposure period is set to one hour (the process is hence abbreviated as ‘1hrSVE’). 
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3.11.5 Thermal Annealing Treatments 

PFO 

In Chapter 4, semicrystalline HMW PFO films were fabricated by isothermally annealing 

pristine glassy films at 120 °C for 20 minutes followed by cooling back down to room 

temperature at ~5 °C min−1. The entire thermal treatment was carried out inside a pure nitrogen 

glovebox in order to avoid thermo-oxidative degradation of PFO. Since the temperature applied 

throughout this thermal treatment never transitioned the films into their melt, we refer to this 

process (vide supra) as ‘cold-crystallisation’ for inducing semicrystalline PFO films. 

For the LMW PFO nucleated crystallisation study in Chapter 5, the reader is referred to Table 

5.2 (p. 112) for detailed compositional and annealing protocols of all device variants 

investigated. 

C16IDT–BT 

Post-deposition thermal treatments on C16IDT–BT were applied only to its thin films (< 100 

nm). We refer the reader to Section 6.5 in Chapter 6 for the relevant details accompanying the 

photophysical and structural data. 

3.11.6 Solution-Based Photodegradation of PFO 

The ultraviolet (UV) LED (LZC-00U600, LedEngin Inc.) employed for photodegradation 

features a peak emission intensity at ~365 nm. It was driven by a home-built LED driver 

circuitry. The LED chip was mounted on a heat sink to provide sufficient heat dissipation. Two 

aspheric lenses were configured to collimate the UV light rays to a parallel beam with a round-

shape cross section with diameter of ~1 cm. The radiant flux density is regulated by the current 

input from the LED driver to be ~250 mW cm–2 (measured by a power meter). 

Solutions for photodegradation were prepared from HMW PFO using toluene as the solvent. 

A concentration of 35 mg mL−1 was chosen. Once sealed, the glass vial of solution was 

otherwise filled with clean air (i.e. containing oxygen). The photodegradation treatment 

involves a continuous 365-nm UV radiation for ~20 hours. The solution was meanwhile kept 

stirring using a PTFE magnetic follower until finally getting pipetted from the vial for spin 

coating at an elevated temperature (~95 °C). The ‘hot-spin’ settings were identical to the ones 

adopted for making HMW PFO ToF thick films in Chapter 4 (see Section 3.3.3). 
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1.12 OPTICAL SPECTROSCOPIES 

3.12.1 UV-Vis Absorption/Transmission 

We use ultraviolet-visible (UV-Vis) absorption spectroscopy to probe how well an organic 

material—either in the form of solid thin film or dilute solution—absorbs light as a function of 

wavelength λ. 

Figure 3.5 depicts a simplified schematic of a transmission-mode UV-Vis spectroscopy set-up. 

In this method, white light (typically generated by a deuterium or xenon lamp) is first incident 

on a diffraction grating and thus being angularly resolved into component wavelengths in the 

UV and visible regions. During each scan step, the selected monochromatic light (via a 

tuneable slit and its peripheral filter) is split into two optical paths by a half mirror, with one 

passing through the sample and the other through the reference (i.e. a dual-beam configuration). 

The instrument automatically shifts the grating and monitors the light absorbed by the sample 

over the wavelength range of interest. It also automatically corrects for the spectral response 

of the detector and the light source—to enable this, an initialisation/calibration step is required 

before the instrument is used for data acquisition. 

 

Figure 3.5: Proof-of-concept illustration of a dual-beam, transmission-mode UV-Vis spectrophotometer. 

In a simplistic treatment, as the measurement proceeds from long to short wavelengths, the 

spectrophotometer records the transmitted intensity I(λ) of each monochromatic beam relative 

to the incident intensity I0(λ) (with the latter quantity measured as the intensity of the reference 

beam path) and converts the transmittance (T(λ) = I(λ) / I0(λ)) to absorbance A(λ): 

 ( )10( ) log ( )A T = −  (3.2) 

However, in this fashion, losses due to sample reflection and scattering cannot be differentiated 

and hence deducted from absorbance. 
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For our real-case measurements on solid-state thin films, absorption spectra were recorded 

using a dual-beam Shimadzu UV-2600 spectrophotometer (detection range 220–1400 nm) 

equipped with a diffuse reflectivity (integrating sphere) attachment, which enables the 

correction of spectra for reflection and scattering losses. We thereby reduce, to a significant 

extent, the above-mentioned measurement artefact especially prominent at long wavelengths 

beyond the intrinsic onset of the material absorption. See Figs. 4.7a (in Chapter 4) and 6.3 (in 

Chapter 6) as examples. 

Following the Beer-Lambert relation 

 
( )( ) dT e   −=  (3.3) 

and combining Eqn. 3.2, the absorption coefficient, α(λ), of a thin film can be deduced as 

 
( )

( ) ln(10)
A

d


  =  (3.4) 

Absorption spectra of diluted solutions were recorded using a Shimadzu UV-2550 

spectrophotometer (detection range 185–900 nm) equipped with cuvette cell compartments. 

3.12.2 Photoluminescence 

The formation of distinct phases/polymorphs in organic thin films via processing needs to be 

first identified spectroscopically, before we set out to investigate their effect on charge 

transport by means of (opto-)electrical probes, and further to determine their energetic 

distributions in the density-of-states ‘picture’. 

For solid-state optical spectroscopies, compared to absorption measurement that samples the 

entire collection of different constituent phases in the film thus showing a roughly linear 

relationship between the volume fraction of different phases and the absorption contribution,4 

emission through fluorescence, on the other hand, occurs largely from a smaller set of 

                                                 
4 With comparable oscillator strengths assumed among different polymorphs. 
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energetically more stabilised species—followed by efficient energy transfer from 

phases/polymorphs featuring larger electronic bandgaps (Eg).
5 

Taking mixed-phase PFO system (containing glassy, crystalline and β-phase contents) as an 

example, it has been reported that even a small fraction (~1–2%) of planarised β-phase 

segments embedded in such a mixed-phase medium will dominate the emission spectra [14,15]. 

Another practical consideration for choosing photoluminescence (PL) measurements is that 

optically-thick layers prepared for ToF measurements would saturate across most of the 

absorption detection range (i.e. OD > 5) thus hindering the applicability of UV-Vis absorption 

measurements. In this work, steady-state PL spectroscopy was carried out using a Jobin-

Yvon/Horiba FluoroMax-3 spectrofluorometer in front-excitation reflection geometry.6 For 

each (processing-dependent) material system, we infer its microstructural properties (incl. the 

overall degree of disorder, heterogeneity of microstructure and composition, reorganisation 

energies, etc.) by comparing absorption and PL spectra. In addition, we also rely on PL 

spectroscopy to validate the presence or absence of trace amounts of low-Eg structural species 

(such as β-phase in PFO) prepared through controlled processing routes. 

For PFO-related studies, excitation was selected at 385 nm in order to closely match absorption 

profile of the material. For the same reason, excitation wavelength was chosen to be 580 nm 

for C16IDT–BT. 

3.12.3 Time-Correlated Single Photon Counting 

Time-correlated single photon counting (TCSPC) method probes time-resolved fluorescence 

(t-PL) decay and hence enables extraction of fluorescence lifetimes based on the detection of 

a large sampling set of repetitive single fluorescence events as a result of periodic excitations: 

within each excitation cycle, the delay between excitation and fluorescent photon detection is 

recorded, sorted into consecutively discretised ‘channels’ (bins) and therefore a t-PL decay 

‘histogram’ can be constructed from numerous single photon events collected over a large set 

of repetition cycles. As such, TCSPC may be regarded as an experimental technique based on 

the Monte Carlo concept, which is widely adapted for computational simulations. 

                                                 
5 Provided that the blend of the mixed phases with different Eg interpenetrate on length scales smaller than the 

exciton diffusion length. 

6 Thin-film samples were measured with active layers facing the incident beam (aka front excitation), and with 

~75° angle of incidence relative to the normal to the film plane to minimise self-absorption effect. 
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In this work, a DeltaFlex™ (Horiba Scientific) lifetime system was used for TCSPC. Data were 

recorded in the same measurement geometry as steady-state PL; in this instance, however, the 

periodic excitations are delivered by flashed pulses from a narrow-band diode laser (e.g. Horiba 

NanoLED-02B featuring ~635 peak wavelength and a pulse width of ~70 ps). Measurements 

were typically performed in a range of 0 to ~40 ns with ~2.7434 ns ‘channel’ width. DAS6 

(Horiba Scientific) was used as the decay analysis software to fit and retrieve time-resolved 

luminescence kinetics. 

3.12.4 Raman Spectroscopy 

Raman scattering technique probes the vibrational ‘fingerprints’ of soft matter, for instance 

organic materials. Such vibrational modes directly relate to both the chemical structure and 

conformational changes of the material due to the distinct intra-molecular force constants of 

moieties and the associated changes in polarisability. In general, -conjugated organics feature 

large Raman scattering cross-sections for vibrational modes that are associated with the π–π* 

electronic transition [16,17] along the conjugated backbone, 7  thereby enabling subtle 

microstructural/conformational changes in solid-state thin films to be pinpointed by Raman 

spectroscopy with high sensitivity. 

In this work, regardless of where confocal Raman scattering measurements were performed, 

each time before actual data acquisition on our samples, the systems were calibrated against 

the reference ~520.7 cm−1 optical phonon band of single-crystalline silicon (c-Si) 

wafers [17,18]. All data were recorded from Stokes Raman scattering, based on instrumental 

configurations including backscattering geometry and un-polarised detection, and under dark 

environment and ambient atmosphere. Continuous-wave laser excitation irradiances were kept 

below ~250 mW cm−2 to suppress layer photodegradation and laser-induced heating effects. 

In the Blackett Laboratory, Imperial College 

Confocal Raman scattering on PFO films was performed using a Renishaw inVia Raman 

imaging microscope (with a 50x objective, NA = 0.75) equipped with a charge-coupled device 

(CCD) detector. In order to prevent optical absorption and resonance effects, a continuous-

                                                 
7 These vibrational modes typically manifest in the range of ~800–1700 cm−1 Stokes shift. 
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wave 633 nm beam (~1 µm2 laser spot size) generated from a He–Ne laser was selected as the 

excitation source. 

Raman spectrum of a same spot on each sample was typically obtained by averaging over 10 

successive acquisitions; a typical integration time for each acquisition was 2–5 s. No 

discernible spectral changes were identified for the spectra subsequently acquired at each given 

spot; we therefore concluded that negligible photodegradation had occurred during the course 

of data acquisition under these experimental conditions. 

Raman measurements at Imperial College were performed together with Dr. Nathan Chander. 

At Institut de Ciència de Materials de Barcelona (ICMAB) 

Confocal Raman spectroscopy on C16IDT–BT thin films were likewise performed in the 

aforementioned manner, however using a Jovin Yvon/Horiba LabRam HR800 Raman 

spectrometer attached to an Olympus microscope (with a 20x objective; NA = 0.35). A 488 nm 

Ar+-ion line was used as the excitation source, 8  thereby shifting the measurement into 

resonance Raman regime. 

Raman measurements at ICMAB-CSIC were performed along with Xabier Rodríguez-

Martínez. 

3.12.5 Cross-Polarised Light Microscopy 

Cross-polarised white-light microscopy was performed on optically-thick PFO films subjected 

to different processing protocols in transmission geometry using an Olympus BX51 

microscope. Each film was placed in between a pair of orthogonally-oriented sheet polarisers. 

All micrographs were recorded with 500 ms exposure time, 18 dB gain, a fixed light intensity 

and various magnification objectives e.g. 5x and 50x. 

Cross-polarised micrographs presented in Chapter 5 (on nucleated semicrystalline PFO films) 

were obtained at ETH Zürich by Dr. Aleksandr Perevedentsev, using similar instruments (Leica 

DMRX) and procedures. 

                                                 
8 The 488-nm excitation corresponds to ~2.54 eV, as opposed to Eg of C16IDT–BT ~1.6–1.7 eV (cf. Fig. 6.3 in 

Chapter 6). 
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3.12.6 Variable-Angle Spectroscopic Ellipsometry 

Variable-angle spectroscopic ellipsometry (VASE) was performed on HMW PFO and C16IDT–

BT thin films at three to five angles of incidence (typically between 55 and 75 degrees) using 

a Sopralab GES-6E rotating polariser spectroscopic ellipsometer (SEMILAB) attached with a 

CCD detector. Complex refractive index (n, κ) as a function of wavelength were extracted 

following fitting the experimental data (ψ, Δ set) by means of the standard critical point model 

(SCP) [19] which is Kramers-Kronig consistent. 

All VASE characterisations9 were carried out by Dr. Mariano Campoy-Quiles at the Institut de 

Ciència de Materials de Barcelona (ICMAB). 

1.13 ELECTRICAL CHARACTERISATIONS 

3.13.1 Current Density–Voltage Measurements on Single-Carrier Devices 

A most straightforward technique to probe the steady-state electrical behaviour of organic (and 

in fact, any) semiconductor devices, is to sweep across a range of voltages and measure the 

corresponding device current. This method is typically referred to as the current density–

voltage or J–V measurement. In this work, we used a Keithley source-measure unit 236 

automated via a LabVIEW computer interface to record the J–V response of a series of single-

carrier devices for investigating their charge-carrier transport behaviour. The typical voltage 

scan step is 20 or 25 mV. 

3.13.2 Time-of-Flight Photocurrent 

Time-of-flight (ToF) photocurrent is a well-known and established technique especially 

suitable for investigating charge-carrier transport in various low-conductivity semiconductors. 

Among several variants, the most commonly adopted ToF method operates in the differential 

current mode under low laser excitation intensity [20–23]. This method allows for a direct and 

accurate determination of the transient ‘mobility’ of photogenerated charge carriers, which may 

in turn provide insights into charge transport mechanisms, morphological/structural properties 

                                                 
9 Presented in Figs. 4.8 (on PFO; Chapter 4) and 6.6 (on C16IDT–BT; Chapter 6) 
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and density of states distributions of dispersive semiconducting materials deposited as thin 

films (yet being optically thick). 

 

Figure 3.6: Simplified schematic of the time-of-flight (ToF) photocurrent set-up with a zoom-in of the ToF 

device structure. Concerning the photoconductive layer of the device, the varied blue shades across the 

spatially disordered polymer chains symbolise the presence of energetic disorder among charge transport 

sites. For all relevant studies presented in this work, ToF samples were realised by having ITO as the front 

(‘transparent’) electrode and aluminium as the counter electrode. Figure components are not illustrated to 

scale. 

A simplified ToF schematic is shown in Fig. 3.6 to illustrate our set-up of the experiment. 

Taking the PFO system as an example: an optically-thick layer of PFO is stacked between two 

non-injecting electrodes, namely the front ITO contact, and the aluminium layer evaporated on 

top of PFO film which serves as the counter electrode. A variable d.c. voltage bias is applied 

to establish an electric field across the ToF device by a Keithley 237 source-measure unit. 

Excitons are photogenerated in very close proximity to the transparent ITO contact by a pulsed 

Quantel Nd:YAG frequency-tripled laser (with a laser pulse duration of ~5 ns and λex = 355 

nm which well fits the absorption spectrum of PFO [14,24–26]). The photogeneration profile 

follows an exponential decay (Beer-Lambert law) into the volume of the film, however in some 

simplified consideration the profile is usually treated as a two-dimensional thin packet of 

charges due to its limited spatial extent compared to the photoconductive layer thickness. 

Under the presence of a moderate to strong electric field, coulombically-bound geminate 

electron-hole pairs (excitons) are separated, with one species of carriers (in our case electrons) 

quickly surface recombines and leaves the device through the extremely close-by front ITO 

contact, thus giving rise to a delta peak which is experimentally monitored as the initial spike 

in a ToF photocurrent transient; whilst the other charge carrier type (in our case holes), is 

subject to drift motion across the whole device thickness towards the Al counter electrode. As 

the holes are swept across the device by the electric field, some of the charge carriers get 
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trapped from mobile transport states into energetically deep localised states. It is possible that 

after some retention time, they may become mobile again once being released from trap sites 

via thermal activations (for detailed discussion on this see Chapter 2, Section 2.4). Apart from 

the trapping and detrapping of carriers, diffusive broadening is another mechanism which 

contributes to the dispersive behaviour observed in a typical ToF transient. The motion of 

charges generates a displacement current in the external circuit which could be monitored by a 

variable sensing resistor (Rload in Fig. 3.6) wired in series with the device [23,27,28]. As per 

Ohm’s law, the resistive termination converts the transient current into a proportional time-

resolved voltage signal. This way, the ToF photocurrent transient is able to be acquired by a 

Tektronix® TDS 3052 digital storage oscilloscope connected in parallel with the sensing 

resistor. Serving as an example, a linear-linear plot of a typically-shaped ToF signal acquired 

in this work is provided in Fig. 3.7. 

 

Figure 3.7: A representatively-shaped transient photocurrent obtained in this work. The long transient tail 

succeeding the transit time ttr signifies the dispersive transport behaviour of the photoconductive medium 

under test. 

There are a number of practical restrictions to the ToF experimental practice for the 

measurements to hold valid. We attempt to provide a non-exhaustive summary of the most 

important constraints [23,29,30] below. 

• The optical absorption depth should be thin relative to the film thickness. This is ensured by 

the high absorption coefficient α of PFO at the wavelength of laser excitation, with α (at λex 

= 355 nm) ~1.35 × 105 cm−1. Therefore, Beer-Lambert law suggests that the initial spatial 

extent of the photogenerated carriers in the device would be well under the order of 100 nm, 

which is significantly less than a typical sample thickness of several microns 
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• The laser pulse duration (~5 ns in our case) needs to be considerably short relative to the 

carrier transit time for a rather sharply-defined ToF starting point. This requirement is easily 

met for all practical measurements in this study as the transit times obtained are at least ~50 

ns, an order of magnitude more than the laser pulse duration 

• The photogenerated charge density is required to be low enough such that it does not 

significantly perturb the homogeneity of electric field, hence ruling out the space-charge 

distortion of the photocurrent transient. By noting that the temporal integration of the 

photocurrent equals the population of photogenerated excess charge Q, we compare this 

integral value to charges held across the contacts Q0 = CV, with C being the ToF device 

geometric capacitance measured prior to ToF testing and V the applied bias voltage. The 

goal of having Q ≤ 0.1Q0 was achieved for all measured ToF traces by attenuating the laser 

excitation intensity with a series of neutral-density filters 

• The semiconducting medium under test needs to be of low conductivity by having an 

extremely small intrinsic concentration of free carriers under thermal equilibrium, thus 

rendering a dielectric relaxation time much longer than the carrier transit time. Fortunately, 

most organic semiconducting materials fall into this category, making them ideal candidates 

for ToF characterisation 

• The RC time constant (τ = RC) of the ToF circuitry has to be much smaller than the carrier 

transit time ttr to guarantee a full temporal resolution of the transient signal in order to 

preserve the fidelity of the pre-transit regime thus a reliable determination of the transit time. 

This could be satisfied by properly choosing ToF sensing resistances 

In order to calculate the charge carrier drift mobility µe/h, one usually examines the ToF 

photocurrent decay over time in the double logarithmic plot, where normally an intersection of 

an extrapolation of the plateau regime and a tangent to the tail clearly marks the transit time 

ttr [20]. This in turn yields the value of carrier mobility by 

 

2

e/h

app tr

d

V t
 =  (3.5) 

where d and Vapp are the layer thickness and the voltage applied across the device, respectively. 

Thicknesses of the films were determined by surface profilometers. The slight variations in the 

thickness of the optically-thick photoconductive layer constitute a source of mobility error. 
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Throughout this work, the RMS surface roughness or inhomogeneity of all devices studied is 

typically well below 8%. In a most strict sense, the net voltage exerted should be corrected by 

the built-in potential Vbi of the ToF device arising from the asymmetry of contact levels,10 

however due to its small magnitude relative to the external bias (ranging from at least 5 V to 

~50–60 V), Vbi correction was disregarded in our ToF analysis. 

3.13.3 Modification to the Time-of-Flight Photocurrent Instrumentation 

In terms of practical ToF transient acquisitions, signal distortion is an important aspect to be 

tackled in order to retain reliable ToF transients for subsequent analyses. Among several other 

reasons, major contributions towards distortions of the ToF signal arise from laser pulse 

interference and impedance mismatch between cables and termination: during ToF experiment, 

along with the delivery of periodic optical excitation pulses, the laser source synchronously 

transmits electromagnetic waves through air ambient that could be captured by non-ideally 

shielded cables or sensing resistors acting as (loop or dipole) antennae [31], thereby picking up 

undesired electromagnetic interferences (EMI); Impedance mismatches in signal transmissions 

result in a series of reflective pulses which decays after a few up and down bounces (ringing) 

following the primary ToF initial spike [31,32]; Un-shielded, single-core cables introduce 

undesirable inductive behaviour to the measurement system: they shift locations of the poles 

of the system (in the context of the s-plane) and hence give rise to excessively oscillating 

response [33]. All of the aforementioned mechanisms can lead to a significant distortion of the 

photocurrent signal, especially affecting the capture of very fast transports rendering carrier 

transit times well below sub-μs and even sub-100ns time scale (for instance, transport from a 

glassy PFO film we studied, see Fig. 4.17 in Chapter 4). 

Consequently, close attention was paid in this work to reduce both the ringing after the initial 

spike and the EMI caused by laser pulsing that could hinder the observation of plateau regime 

and, hence, the determination of mobility for fast transients—the improved impedance 

matching of the signalling path by selecting proper value of source/termination impedance 

leads to negligible wave reflections and less noise, which in turn enables higher frequency 

(early timescale) signalling. Besides, better shielding was provided to the system for an 

enhanced EMI suppression, for instance, metal cavity with proper EMI screening was built to 

house sensing resistors connecting in parallel with the oscilloscope input channels. Double-

                                                 
10 For our contact choices of ITO and Al, Vbi can be estimated to be ~0.4–0.5 eV. 
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shield coaxial cables (RG223/U; Pomona Electronics®) with minimal length were also 

employed11 to help with signal fidelity and reduction of insertion losses. In addition, averaging 

and background subtraction were carried out for signal samplings in order to improve data 

quality. 

For cryogenic temperature-dependent ToF measurements, an OptistatDN liquid nitrogen 

cryostat (Oxford Instruments) equipped with miniature 50 Ω coaxial cables (RG178B/U; Lapp 

Kabel) for electrical signalling were used. 

Further discussion of ToF signalling can be found in Section 4.4.6, Chapter 4, where we devote 

to discuss the acquisition of high-dynamic-range of ToF photocurrents. 

3.13.4 Transient Space-Charge-Limited Current 

As an alternative transient method12 to probe carrier transport, we performed transient space-

charge-limited current (t-SCLC) based on the same electrical signalling principle/configuration 

as the ToF experiment. However, instead of pulsed photogeneration, excessive charge carriers 

of a same species were electrically injected into the active layer from selective Ohmic contact 

subjected to a step voltage function. The measurement was conducted under dark. Therefore, 

this method is sometimes alternatively referred to as ‘dark injection’ technique [30]. 

The relationship between tmax of t-SCLC transient cusps and ttr extracted in ToF is expressed 

as [34] 

 
1/2

max tr tr2 (1 ) 0.787t e t t−=  −   (3.6) 

Carrier mobility inferred from t-SCLC can then be derived by coupling Eqn. 3.6 to Eqn. 3.5. 

We list below two primary prerequisites [35] for the observation of the typical current transient 

cusps from t-SCLC: 

a. A sound contact Ohmicity at the carrier injection side in order to supply an effectively 

unlimited reservoir of charges 

                                                 
11 In room-temperature measurement condition. 
12 Especially in cases where the choice of excitation wavelengths unfavourably mismatches the absorption profile 

of a given material system (e.g. C16IDT–BT), and therefore disallowing straightforward ToF implementations. 
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b. The onset of space-charge-limited bulk carrier conduction 

Voltage step functions were generated from a Tektronix® function generator AFG3102C, with 

a ~30-ns rise/fall times between the unipolar bi-states (i.e. 0 V and Vapp). Termination at the 

resistive sensing end was set to 50 Ω in order to match the source impedance of the function 

generator and the characteristic impedance of the coaxial cable for optimum transient response. 

3.13.5 Capacitance/Conductance–Voltage on Single-Carrier Devices 

Frequency-resolved capacitance/conductance–voltage (C–V and S–V) measurements were 

carried out on both PFO and C16IDT–BT hole-only devices using a Solartron Analytical 1260 

impedance/gain-phase analyser. Based on the valid assumptions that the hole-only devices are 

causal, locally linear (cf. their J–V curves, e.g. Figs. 4.30 and 6.12) and time-invariant (LTI) 

systems, frequency-variable13 small-signal a.c. perturbation14 was exerted on top of the d.c. 

sweep bias 15  to examine device response as a function of frequency, whilst the device 

‘background’ (incl. electrostatic profiles, charge-carrier concentrations, etc.) was determined 

by the individual d.c. bias value. 

C–V and S–V measurements on hole-only devices were performed using a two-terminal 

configuration in d.c. coupling mode: the generator output (‘GEN OUTPUT’) and the HI 

connector of the differential voltage 1 analyser input (‘INPUT V1 HI’) were joint together 

using a BNC T-junction via coaxial cables—this port was connected to contacts of the hole-

only device designated with a positive-bias convention. On the other hand, the current input of 

the analyser (‘INPUT I’) and the LO connector of the differential voltage 1 analyser input 

(‘INPUT V1 LO’) were likewise connected and fed to the opposite contacts of the devices. 

The measurement process was pre-set and hence automatically controlled via the SMaRT 

impedance measurement software (Solartron Analytical). 

We gain insights into different trapping behaviour arising from identical-material devices but 

prepared with varied microstructural properties following prior works (e.g. Refs. [36–39]). 

                                                 
13 Configured in the measurements to evenly scale in the logarithmic form. See Fig. 4.23 as an example. 

14 With peak-to-peak voltage amplitude (Vpp) of 50 mV. 

15 Typical in-/de-cremental was set to 20 mV. 
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Moreover, when applicable, we use C–V data to estimate Vbi of the single-carrier devices [37] 

(e.g. see Section 4.7.2, Chapter 4). 

3.13.6 Carrier Mobility Determination from Frequency Dependence of the Negative 

Differential Susceptance or the Imaginary Part of Impedance 

Additional frequency-resolved impedance probes were further applied to single-carrier devices, 

in order to extract charge-carrier mobilities and compare degrees of transport dispersion for a 

given device configuration. 

In the Blackett Laboratory, Imperial College: a portable electrochemical impedance analyser 

‘CompactStat’ (Ivium Technologies B.V.) was used. Measurement interface IviumSoft v2.454. 

At Vrije Universiteit (VU) Amsterdam (principle investigator Dr. Elizabeth von Hauff): 

Metrohm Autolab® PGSTAT302N potentiostat/galvanostat equipped with an FRA32M 

frequency response analyser module. Measurement interface NOVA v1.8. 

In both laboratorial conditions, this type of impedance spectroscopy on asymmetric hole-only 

devices was performed based on a two-electrode set-up, that is, having the counter electrode 

(CE) and the reference electrode (RE) wired onto the blocking device contact, while the 

working electrode (WE) and the sense terminal (S) joint and connected with the opposite 

contact capable of providing Ohmic hole injection. 

Figures 4.22, 4.41 and 6.14(a) presents normalised −Im[Z] versus log10(f) spectra for the 

measured samples. The steady-state (d.c.) charge-carrier mobility μe/h can be determined from 

these data according to Ref. [40]: 

 

2
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e/h

d.c.

d f

V



=  (3.6) 

where d is the active layer thickness, Vd.c. the discretely applied d.c. bias that tracks along the 

steady-state J–V curve,16 fpeak the peak frequency of each −Im[Z] versus log10(f) spectrum at a 

given d.c. bias, and γ a numerical factor that relates the time constant τc (i.e. 1/fpeak) from the 

frequency-resolved −Im[Z] data17 to the d.c. transit time (τd.c.) of carriers. The value of γ is not 

                                                 
16 And therefore, granting this method the inherent capability of extracting field-dependent carrier mobility. 

17 The fpeak equivalently manifests at the ‘top’ of the (nearly) semi-circles in the Nyquist plot (see e.g. Fig. 4.20). 
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clearly determined in the literature [40–43] and has been identified as a variable depending on 

the degree of transport dispersion [40], ranging typically from ~0.35 to ~0.6. By noting that the 

actual selection of this prefactor γ value will by no means significantly affect the magnitude of 

estimated mobility, we have chosen γ = 0.5 for all measurement cases where −Im[Z]–f method 

was applied. 

In addition to the aforementioned −Im[Z]–f method for steady-state carrier mobility 

determination, we have also exploited negative differential susceptance (−ΔB–f) method18 [41–

43] to characterise and directly compare transport dispersion among hole-only devices prepared 

from nominally the same material however treated via varied processing routes. The basis of 

such approach is that the determination of carrier mobility using the −ΔB–f method relies on 

the ability to locate the characteristic ‘dips’ in the C–f spectra, a phenomenon which only occurs 

in low-dispersive transport. However, the degree of transport—hence the applicability of the 

method—can be mediated by the inclusion or exclusion (+/−) of certain sub-bandgap trap states 

corresponding to specific polymorph(s) of a given material system. Such example is 

demonstrated in Figs. 4.43 and 4.44, whereby hole transport in LMW +/− β hole-only devices 

is concerned. When the −ΔB–f method was applied for mobility extraction, we adopted γ = 

0.56, as proposed by Tsang et al. for disordered molecular semiconductors with low 

dispersion [42]. 

All impedance spectroscopic data were analysed using ZView software v3.4d. 

3.13.7 Energy-Resolved Electrochemical Impedance Spectroscopy for Thin-Film 

Electronic Structure Mapping 

The energy-resolved electrochemical impedance spectroscopy (ER-EIS) technique [44] was 

developed by our collaborator, Dr. Vojtech Nádaždy at the Institute of Physics, Slovak 

Academy of Sciences (SAS). We prepared ER-EIS samples relevant to this study at Imperial 

College for Dr. Nádaždy to measure at SAS, Bratislava. The experimental procedures of the 

method are briefed as follows. 

A Solartron Analytical 1260 impedance/gain-phase analyser was used for the ER-EIS 

experiments. The frequency was set to 0.5 Hz, the amplitude of a.c. voltage was 100 mV, and 

the average scan rate of the d.c. voltage ramp was 10 mV s−1. The measurements were 

                                                 
18 With −ΔB(f) = −f(C − Cgeo), where Cgeo is the geometric capacitance of the device. 
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performed in a glove box with protective N2 atmosphere (with oxygen and moisture below 20 

ppm and 2 ppm, respectively) using a common three-electrode electrochemical cell with 

volume of ~200 μL. The solution of 0.1 M TBAPF6 in acetonitrile was used as the supporting 

electrolyte. The potential of the working electrode with respect to the reference Ag/AgCl 

electrode was controlled via a home-built potentiostat. Platinum wire was used as the counter 

electrode. The energy recorded with respect to the reference Ag/AgCl electrode can be referred 

to the local vacuum level given that the Ag/AgCl energy deviates from vacuum value by 4.66 

eV. 

The ER-EIS method is based on the measurement of the charge transfer resistance, RCT, of a 

semiconductor/electrolyte interface at a frequency where the redox reactions determine the real 

part of the impedance. The DoS function g(E) in a semiconductor at the electrochemical 

potential, EF,redox = qVapp, can be expressed in terms of RCT measured at the given applied d.c. 

voltage (Vapp) as [44] 

 ( )
1

2

F,redox ET CT( ) [ ]g E q k S A R
−

=  (3.7) 

where q is the elementary charge, kET the charge-transfer rate constant, S the sample area and 

[A] the concentration of the electrolyte redox (donor/acceptor) species in the interphase region 

of the solid/liquid contact. The RCT is experimentally measured by the harmonic perturbation 

with a proper frequency and the small-signal amplitude dV superimposed on the Vapp thus 

provides direct information about the electronic DoS at the energy adjusted using an external 

voltage. 

1.14 NUMERICAL MODELLING 

3.14.1 Overview of the Drift-Diffusion Device Model 

In order to better understand the experimental charge transport behaviour, we model them using 

an open-source one-dimensional (1-D) drift-diffusion model [45]. We use an effective medium 

approximation between the front contact of the device (x = 0), and the back contact (x = d), 

where x represents the position within the device and d represents the thickness of the active 

layer. Between the front and back contacts, we solve Poisson’s equation to account for the 

electrostatic profile within the device: 
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  = − −  (3.8) 

where  is the position- and time-dependent potential, ε0 the permittivity of free space, εr the 

relative permittivity of the effective medium, and q the elementary charge. n/ptotal denotes the 

sum of both free and trapped electrons and holes, respectively. 

The model solves the bipolar drift-diffusion equations to calculate the flow of the two charge 

carrier species within the 1-D space of the device, due to internal potential gradients of charge 

and electrical potential. 

 c
n e n

dE dn
J q n qD

dx dx
= +  (3.9) 
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p h p

dE dp
J q p qD

dx dx
= −  (3.10) 

where Jn/p represent the current flux densities for electrons and holes respectively, Ec/v represent 

the local LUMO/HOMO mobility edges (with Ec = −χ − , Ev = Ec − Eg and χ being the electron 

affinity). The free (i.e. mobile) electron and hole populations are denoted by n and p, 

respectively. 

To conserve the population of charge carriers, the electron and hole current continuity 

equations are also solved: 

 n
n( )

J n
q R G

x t

 
= − +

 
 (3.11) 

 
p

p( )
J p

q R G
x t

 
= − − +

 
 (3.12) 

where Rp/n are the recombination rates and G the free carrier generation rate (electrons and 

holes would always be generated in pairs). 

We solve the equations on a finite-difference mesh, by discretising them using the Scharfetter-

Gummel scheme [46] to ensure numerical stability in regions where the electric field varies 

rapidly. Beneath the transport levels of LUMO and HOMO, we introduce two distributions of 

localised trap states, capable of being assigned as exponential, Gaussian, or more complex 

‘composite’ forms. At each point on the finite difference mesh, energy space is divided up into 
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80 ‘intervals’ (or ‘slabs’) of trap states. For each trap state interval, we solve the Shockley-

Read-Hall (SRH) rates (accounting for capture, escape and implicitly for annihilation19) for 

charge carriers [45,47]: 

 ec th n t (1 )R nv N f= −  (3.13) 

 
t c

ee th n c texp( )
E E

R v N N f
kT


−

=  (3.14) 

 
v t
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E E

R v N N f
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−

= −  (3.15) 

 hc th p tR pv N f=  (3.16) 

where electron-capture rate is denoted by Rec, electron-escape rate Ree, hole-escape rate Rhe, 

and hole-capture rate Ree; vth is the thermal velocity of carriers (here with values of both carrier 

species assumed to be equal), σn/p capture cross-sections of electrons or holes (here assumed to 

be energetically independent), Nt trap density of the given slab, f the Fermi-Dirac distribution 

fraction of the given slab, Et the energy level of trap states, and Nc/v effective density of states 

for free electrons or holes. 

All equations are numerically coupled and solved in one matrix, using Newton’s iteration 

method. This enables us to resolve charge-carrier density in both position and energy space. 

In summary, the 1-D device model [45] could get charge carriers resolved in both time and 

energy. The carrier dynamics, including trapping, detrapping and annihilation, are described 

by Shockley-Read-Hall statistics. These attributes of the model lead to its additional capability 

of simulating devices with carrier dynamics and transport in out-of-equilibrium conditions. 

3.14.2 Applying the Model for Charge Transport Simulations 

We not only use the model to simulate steady-state electrical behaviour but also transient 

device response, primarily as a function of the distribution of sub-bandgap trap states. A prior 

work relevant to our attempt on correlating the transient photocurrent shape to the density of 

states distribution is by MacKenzie and co-workers [48]. 

                                                 
19 Annihilation (recombination) of carriers takes place when a hole gets captured into a site already retaining an 

electron, or vice versa. 
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Chapter Ⅳ 

Impact of Chain Conformation on 

the Density of States and Charge Transport: 

Insights from Poly(9,9-dioctylfluorene) 

‘…but I'm stubborn as those garbage bags that time cannot decay, 

I'm junk but I'm still holding up this little wild bouquet.’ 

—Leonard Cohen 

  



 

66 

1.15 SUMMARY 

Charge transport in π-conjugated polymers is characterised by a strong degree of disorder in 

both the site energy and the electronic coupling between adjacent sites. This disorder arises 

from variations in the structure and conformation of molecular units, as well as the weak 

binding interactions between them. Although disorder due to molecular conformational 

freedom can be expected to influence the density of states (DoS) distribution, and hence the 

electronic properties of the bulk, until now there has been no direct and quantitative study of 

the relationship between a distinct conformational defect and the observed transport properties. 

To this end, we exploit photophysically identifiable structural polymorphs of poly(9,9-

dioctylfluorene) (PFO). In particular, we take a detailed approach to investigating the impact 

of introducing a planarised chain geometry, known as the ‘β-phase’, on vertical-mode hole 

transport through otherwise amorphous (aka glassy) PFO layers. We carry out a 

complementary set of time- and frequency-resolved, as well as steady-state transport 

measurements. We demonstrate that, once embedded as a minor structural heterogeneity, β-

phase introduces a striking ~hundredfold drop in time-of-flight (ToF) hole mobility (μh) at 

room temperature, whereas it reduces the steady-state μh measured from hole-only devices by 

a factor of only 2–5. Moreover, we show how the use of high-dynamic-range (HDR) ToF 

photocurrent spectroscopy and energy-resolved electrochemical impedance spectroscopy (ER-

EIS) allows the DoS of the organic semiconductor to be extracted. Together, the two methods 

deliver a consistent picture of the effect of the β-phase content on the DoS, namely, a sharp 

feature lying ~0.3 eV above the highest occupied molecular orbital (HOMO) of glassy-state 

PFO. Such energetic manifestation of the conformational trap is further supported by our tight-

binding calculations on oligofluorenes. Using a drift-diffusion model capable of resolving 

charge carriers in both energy and time, we rationalise how seemingly contradictory transport 

phenomena obtained via different probes can be reproduced, and reconciled. We further 

highlight the significance of carrier relaxation in affecting transport behaviour. Finally, we 

generalise the interplay between carrier mobility and sub-bandgap DoS distribution that 

modulates the shape of ToF photocurrent transients. 
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1.16 BACKGROUND AND MOTIVATION 

Having recognised that establishing a detailed knowledge of charge-carrier transport in 

conjugated polymers is a challenging task owing to the versatile and entangled range of 

disorders they possess, this study aims at relating microstructural ordering and molecular 

conformation to bulk charge transport properties, and further interpreting results quantitatively 

in respect of the DoS distributions. 

In this work we select a widely studied deep-blue emitter, poly(9,9-dioctylfluorene) (PFO, 

alternatively PF8), as our model system. The chemical structure of PFO is presented in Fig. 

4.1. On account of its respectable fluorescent properties (including high photoluminescence 

quantum yield) [1–3] and charge-carrier mobility [4,5], as well as excellent solution 

processability [6], PFO (and the polyfluorene family in general) is considered to be of 

significant interest to a broad spectrum of optoelectronic applications including, but not limited 

to, organic light-emitting devices and displays [7–11], optical gain media for amplification and 

lasing [12–14], and other photonic purposes for instance waveguides, gratings and nonlinear 

optics [15–18]. 

 

Figure 4.8: The chemical structure of poly(9,9-dioctylfluorene) (PFO). Each of the di-n-octyl side chains 

attached to the central carbon atom (C9) of the monomer is abbreviated as C8H17. 

As discussed in Chapter 2, one of the strategies adopted to promote the charge-carrier mobility 

in conjugated polymers has been to design and synthesise π-conjugated systems with extended 

backbone planarity. In comparison with poly(p-phenylene) (PPP), poly(p-phenylene vinylene) 

(PPV) and their derivatives, the monomer of PFO—a dioctyl-substituted fluorene repeat unit—

could be regarded as two adjacent para-phenylene rings further bridged via a central carbon 

atom commonly referred to be situated at the 9-position (C9). This fluorene repeat unit therefore 

features enforced rigidity and full planarity. Intermediately, however, carbon–carbon σ-bond 

linkages give rise to inter-monomer torsional freedom. Note also the moderate angle (~24°) 

between consecutive inter-monomer single bonds20 preceding and succeeding each monomer 

                                                 
20 Highlighted in blue and red in Fig. 4.1. 
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unit that prevent the polymer chains from being co-linear. Consequently, PFO might be best 

described as a hairy semi-rigid polymer with relatively high chain stiffness. In addition, the 

wedge-dash notation for the dialkyl substituents in Fig. 4.1 implies that the first carbon atoms 

of both side chains extend at a large angle (~55°) out of the conjugation plane of fluorene, with 

one trending above and the other beneath. The side chain linkages are typically susceptible to 

either thermo- or photo-oxidative stress [19,20]. For PFO, this leads to the formation of keto 

defect sites (hence the on-chain 9-fluorenone moieties) and a likelihood of chain scission if 

subjected to ultraviolet (UV) radiation in the presence of oxygen. The effect of photo-oxidation 

on PFO hole transport is investigated as part of this work and constitutes a subtopic of Chapter 

5. 

4.16.1 Rich Morphological Behaviour of PFO 

In this section, we provide a concise overview of the solid-state polymorphism of PFO. In 

particular, we place our emphasis on the glassy, crystalline and β-phase microstructures with 

their respective chain geometries. This prepares us to further elaborate upon their 

morphological implications for photophysical and charge transport properties of the polymer. 

The inter-monomer torsional freedom along the PFO21 backbone couples with the complex 

conformational space of solubilising side chains to provide a vast ‘playground’ for the weak 

van der Waals interactions. Together, these factors cause PFO to exhibit a diverse and 

processing-dependent range of solid-state microstructures. This rich morphological collection 

includes in-plane isotropic glassy, two variants of crystalline [21,22], 22  and thermotropic 

(nematic) liquid-crystalline [23] phases. In addition, PFO features a particular planarised intra-

chain ordering with extended conjugation, termed the ‘β-phase’ [24–26]. 

Spin-coating PFO from solutions in solvents such as chloroform or heated toluene produces in-

plane isotropic [27], or so-called glassy, thin films, featuring chains in a relatively broad range 

of twisted ground-state conformations with a mean inter-monomer torsion angle   

135° [21,25,26,28,29]. These glassy films comprise the ‘baseline’ samples for the present study, 

based on which post-deposition treatments can be performed in order to generate minor 

morphological heterogeneities. Crystallisation from the nematic melt yields crystalline PFO 

                                                 
21 And in fact, as for any solution-processable conjugated polymer. 

22 The α and α’ polymorphs, which bear minor differences in terms of molecular packing and backbone coplanarity. 
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chain segments possessing a more extended conformation (  150°) [21,26,28]. The fully-

extended, planar-zigzag-type β-phase conformation ( = 180°) [29,30] can be induced into 

glassy PFO films by a variety of solvent-based processing protocols [16,25,26,29,31,32]. We 

emphasise that crystalline and β-phase conformations are typically adopted by a small fraction 

of discrete domains or chain segments within the predominantly disordered, glassy-state chain 

ensemble. Nevertheless, in this Chapter, for simplicity we shall hereafter refer to PFO layers 

featuring such chain conformations as ‘semicrystalline’23 and ‘β-embedded’24 respectively. 

4.16.2 Effect of Diverse Microstructures on the Photophysical and Transport Properties 

Owing to their more planar and extended backbone geometries and, consequently, lower 

HOMO–LUMO transition energies [28], inclusion of crystalline and β-phase chain segments 

in an otherwise glassy PFO film can lead to strong changes in the resulting optoelectronic 

properties. Such changes concern, for instance, UV-Vis absorption and photoluminescence (PL) 

spectra [2,9], PL quantum efficiency [2,3], refractive index [29], as well as charge-carrier 

transport. Compared to their photophysical properties, electronic transport behaviour in 

semicrystalline and especially β-embedded PFO have not received a great deal of attention. 

Prior research on transport properties of PFO and its derivatives using ToF photocurrent 

measurements have nonetheless indicated that hole mobility is strongly microstructure-

dependent and spans over two orders of magnitude [4,14,23,33]. For instance, a number of 

studies reported that ToF hole mobility in PFO can be improved from ~0.9–3  10−4 cm2 V−1 

s−1 for room-temperature spin-coated (RT-spun) films [4,33] by prolonged thermal annealing 

to promote crystallisation (~2  10−3 cm2 V−1 s−1) [33] or by uniaxial alignment in the liquid-

crystalline melt onto pre-oriented polyimide layers (~8  10−3 cm2 V−1 s−1) [23]. It was however 

not pinpointed which structural species within the PFO bulk mediate charge transport 

behaviour in the above-mentioned scenarios. Elsewhere, transient microwave conductivity 

(TRMC)25 probed from dilute solutions revealed that charge-carrier mobility is considerably 

(>10 times) higher within β-phase PFO regions relative to the glassy chain ensembles [34–36]. 

Despite these, the effect of crystalline and β-phase chain segments on charge transport through 

PFO has not been unequivocally determined to date, particularly for bulk-mode transport, 

                                                 
23 Prepared via ‘cold-crystallisation’ process as described in Section 3.3.5, Chapter 3. 

24 Obtained via ‘1hrSVE’ treatment as detailed in Section 3.3.4, Chapter 3. 

25 Reader interested in the TRMC technique is directed to a review article [106] by Seki et al. 
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where their geometries with more extended conjugations could lead to significant polaron 

trapping, as proposed by several earlier studies [2,37,38]. However, there is also counter report 

claiming hole mobility enhancement effect upon introducing β-phase chain segments into PFO 

bulk [9]. 

1.17 SCOPE OF THIS CHAPTER 

In the present Chapter, choosing PFO as the representative system, we take a ‘grand tour’ of 

the structure–property relationships of conjugated polymers. Specifically, we focus on the 

impact of planar chain conformation on the microstructural, photophysical as well as electronic 

structure properties of the bulk, and ultimately, electronic conduction through such disordered 

semiconductors. 

First up, we identify characteristics of such distinct physical arrangements of PFO chains via 

thermal, optical spectroscopic and structural probes. We then turn to a combined set of transient, 

steady-state, and frequency-resolved (opto-)electrical techniques to (i) investigate charge 

transport behaviour and (ii) estimate the profiles of sub-bandgap localised states when such 

extended chain segments are present or absent. After calling at quantum chemical calculation 

which confirms the effect of carrier trapping due to planarised conformations, we carry on 

across a systematic device-level simulation to (i) reproduce the experimental data from 

different measurements and (ii) provide rationales to restore harmony among the apparently 

different transport phenomena. We strengthen our reasoning by comparing transport through 

PFO layers made of varying molecular weight profiles26 before eventually end the study with 

a numerical modelling section that generalise the interplay between carrier mobility and sub-

bandgap DoS distribution. 

1.18 METHODS 

4.18.1 Materials 

High- (HMW) and low-molecular-weight (LMW) PFO materials, synthesised via Suzuki 

coupling reaction, were sourced from Sumitomo Chemical / Cambridge Display Technology 

                                                 
26 Which influence the inducible amount of the conformational traps. 
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Ltd (CDT). The polymers underwent extensive post-synthesis purification to remove ionic 

impurities and catalyst residues, and were used as received. Gel permeation chromatography 

(GPC) was performed to extract molecular weight (MW) profiles of the polyfluorenes, as 

summarised in Table 4.1. HPLC-grade toluene (≥99.8%, VWR Chemicals) was used as solvent 

throughout PFO sample and device fabrication. 

Table 4.1: Molecular weight properties of the PFOs used in this work. 

PFO 

polymer 

used 

Mw 

(kg mol−1) 

Mn 

(kg mol−1) 
PDI 

Average number of repeat units 

[from Mn / (Mmonomer × 2.7)] 
Supplied by 

HMW 484.2 182.4 2.65 174 Sumitomo 

Chemical / 

CDT 
LMW 109.5 42.2 2.6 40 

4.18.2 Gel Permeation Chromatography 

With helps from Dr. Aleksandr Perevedentsev, we performed polystyrene-equivalent GPC 

measurements at ETH Zürich, using a Viscotek instrument comprising a pump and a degasser 

(GPCmax VE2001), a detector module (Viscotek 302 TDA) and three columns (2PLGel Mix-

C and 1ViscoGEL GMHHRN 18055). PFO solutions (including 0.1 vol% toluene as end 

marker) were prepared in chloroform with 1.2 mg mL−1 concentration. To ensure complete 

polymer dissolution, the solutions were heated at 50 °C for 15 minutes. They were subsequently 

filtered27 to remove any possible extrinsic dust or particulates. The columns were held at 35 

°C, with a solution flow rate of 1 mL min−1 set for the GPC measurements. Raw detection 

curves for the high- and low-MW PFO solutions are presented in Fig. 4.2, indicating 

monomodal distributions of both batches and the concurrent onset of toluene end marker. The 

offset in GPC peaks visualises the relative difference in the MW profiles of the two polymers, 

which are therefore dubbed HWM and LWM respectively, as in Table 4.1. 

                                                 
27 Using Chromafil® PTFE filters of 1- or 0.45-m pore sizes for HMW and LMW materials, respectively. 
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Figure 4.9: Gel permeation chromatography (GPC) detection curves for both HMW (▬) and LMW (▬) PFO 

solutions (1.2 mg mL−1 in chloroform with 0.1 vol% toluene as end marker). The monomodal molecular 

distributions for both PFO batches are evident. Mw and Mn values for both materials, as listed in Table 4.1, 

were extracted from the GPC curves based on conventional polystyrene-equivalent calibration. 

OmniSEC software (Viscotek) was used to analyse the data using conventional calibration. 

Due to the higher chain stiffness of PFO, its absolute molecular weight is a factor of 2.7 lower 

than the polystyrene-equivalent value [25]. The number of repeat units for the average chain 

length from each PFO batch was estimated from the corresponding stiffness-corrected absolute 

values of number-average molecular weight Mn, and by taking into account the molecular 

weight of a PFO monomer (~388 Da). The results are presented in Table 4.1. 

4.18.3 Thermogravimetric Analysis 

We performed thermogravimetric analysis (TGA) at ETH Zürich with support from Dr. 

Aleksandr Perevedentsev, for both high- and low-MW PFO polymers in the form of 

hydraulically pressed pellets using a Mettler-Toledo TGA/SDTA 851e instrument. A heating 

rate of 2 °C min−1 (up to 390 °C) was set for the measurements under controlled nitrogen 

atmosphere. Thermal decomposition temperature of both materials is recorded at ~320 °C, 

beyond which significant weight loss occurs (see Fig. 4.3). This estimated decomposition 

temperature consequently determines the upper bound for the PFO thermal cycling in 

differential scanning calorimetry (DSC) measurements. 
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Figure 4.10: Thermogravimetric traces of HMW and LMW PFOs, showing thermal decomposition beyond 

~320 °C for both materials. This value sets the upper limit of the temperature cycling range for PFO in 

differential scanning calorimetry (DSC). 

4.18.4 Differential Scanning Calorimetry 

DSC on the HMW PFO polymer was performed at ETH Zürich with guidance from Dr. 

Aleksandr Perevedentsev, using a Mettler-Toledo DSC 822e instrument. Prior to DSC, the 

material was processed into hydraulically pressed pellets for optimal thermal contact in order 

to reduce any heat flow artefacts in the measurements. The results are presented in Section 

4.5.1. 

4.18.5 PFO Sample and Device Preparation 

The reader is able to retrieve detailed procedures for PFO sample and device preparation from 

Section 3.3, Chapter 3. 

4.18.6 High-Dynamic-Range Time-of-Flight Photocurrents 

As elaborated in Chapter 2, concerning ToF post-transit photocurrent analysis, the logarithmic 

dependence of energy on time implies that acquisition of high-dynamic-range (HDR) 

photocurrent with a large timespan is centrally important for accessing the profile of localised 

states lying deep in the bandgap. Two approaches could be taken to achieve this goal, with one 

using only passive components (excluding the oscilloscope, or ‘scope’ for short) while the 

other having active module(s) configured in the measurement setup. 
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As for the passive probing approach, it relies on a terminating variable resistor to convert 

current transients into time-varying voltage signals proportional to the choice of sensing 

resistance. In order to obtain transients with extended time and dynamic range, one can 

progressively assign increasing values of sensing resistance by varying a resistor wired in 

parallel with the 1 MΩ termination of the scope. It can be expected that applying higher 

resistance is advantageous for probing deeper into the post-transit regime due to higher 

measurement sensitivity and better signal-to-noise ratio (SNR). However, an enlarged RC time 

constant of the setup would meanwhile suppress the ability to capture high-frequency features 

a photocurrent carries, typically following its initial onset. By carefully balancing the interplay 

between measurement sensitivity and the speed of system response, and overlaying (‘stitching’ 

together) individual photocurrent sections obtained from incremented resistor values, we are 

able to reconstruct a single piece of ToF photocurrent transient with extended dynamic range. 

We employ a commercially available variable resistor (VT1, Thorlabs) for our passive-mode 

HDR photocurrent measurements. The VT1 unit features a feed-through configuration to the 

BNC inputs of the scope. Having the variable resistor set (50, 100, 500, 1k, 5k, 10k, and 50k 

ohms) fully integrated within its miniaturised metal housing, this unit provides a superior 

electromagnetic shielding. When necessary, further higher resistance values can be applied 

using fixed stub-style terminators FT104 (100 kΩ) and FT254 (250 kΩ) (both from Thorlabs) 

paired with a BNC T-connector. Along with adjusting the sensing resistances, we exploit also 

the finite horizontal (500 points in fast sampling mode) and vertical (9-bit, i.e. 512 points) 

resolutions of the digital scope, as we note that acquisition of photocurrent sections by tuning 

the ‘volts/div’ and ‘time/div’ settings properly for a given sensing resistance could also benefit 

the reconstruction of a whole HDR transient. 

Figure 4.4 provides an example of such reconstructed HDR photocurrent transients, where its 

constituent sections are distinguished by multicolours. Spanning circa seven orders of 

magnitude in its current level and six orders of magnitude in time, this pieced HDR transient 

preserves both the early timescale features (sub-100ns region) and the signal fidelity in the 

long-time limit. 
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Figure 4.11: An example of high-dynamic-range (HDR) ToF photocurrent transients. It is reconstructed by 

overlaying a set of transient sections captured with successively incremented sensing resistances (see 

legend for details). The device under test (DUT), a ~1.8 µm glassy PFO ToF sample, was probed at room 

temperature under 10 V external bias, and with a fixed laser excitation intensity (such that Q/Q0 ≈ 15%). Pre- 

and post-transit regimes of the HDR transient are distinguished by an arrow denoting the carrier transit time 

(ttr). 

Given that an ultralow level of background injection current is present for PFO ToF devices 

under dark (typically <25 pA for the bias voltage range applied in this study), the lower limit 

of the dynamic range could be otherwise dominated by a higher amount of leakage current 

through the dielectric medium of the coaxial cable (i.e. from the centre conductor to the 

electrically-grounded shield). Consequently, we have kept a minimal length for the coaxial 

cable connecting the source-measure unit (SMU) and the ToF device under test (DUT). We 

note also that this configuration could further help the instrument benefit from having a reduced 

cable insertion loss (i.e. |S21| of this two-port network when expressed in the unit of dB). 

The active HDR measurement approach shares a great deal of common experimental practices 

with the passive method, but uses a signal amplification stage, in this case preferably a variable-

gain transimpedance amplifier (e.g. FEMTO® DHPCA-100, featuring 7 switchable gains 

ranging from 102 to 108 Ω). As its name suggests, the transimpedance amplifier translates time-

varying photocurrent input into voltage output set by its tuneable gain. Due to the fundamental 

trade-off between gain and signalling bandwidth for any amplification stage,28 successively 

higher transimpedance gains are required to capture decaying transient signals at longer times 

                                                 
28 Since the gain–bandwidth product is fixed. 
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while benefiting from reduced broadband noise. The 50 Ω output impedance of the amplifier 

well matches the 50 Ω termination on the scope and the 50 Ω characteristic impedance of the 

coaxial cables, thereby enabling transient signalling with maximised power transfer and 

minimal standing wave ratio (SWR). 

1.19 THERMAL, OPTICAL SPECTROSCOPIC AND STRUCTURAL 

CHARACTERISATIONS 

4.19.1 Differential Scanning Calorimetry 

To investigate thermal transitions of PFO and provide processing guidelines for device 

fabrication with varied microstructures,29 we turn to DSC measurements. In Fig. 4.5 we provide 

DSC results and analysis of the HMW polymer, as it was primarily used in the present study 

for photophysical, structural, thin-film DoS mapping and transport characterisations. It is worth 

noting that, in general, thermal transition temperatures (e.g. Tg and Tm) for a given 

semicrystalline-type polymer (such as PFO) can shift marginally due to the variation in MW 

profiles. 

 

Figure 4.12: Differential scanning calorimetry (DSC) thermograms for the HMW PFO polymer with a scan 

rate of 10 °C min−1: first heating (▬) and cooling (▬) as well as second heating (▬). The isothermal annealing 

temperature (120 °C) used for preparing semicrystalline PFO samples is indicated by the grey arrow. 

Enthalpy changes (ΔH) for selected thermal transitions, obtained by integrating the corresponding peaks 

                                                 
29 Particularly for the preparation of semicrystalline samples with minority vol% of crystalline phases. 
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(shaded areas; baselines indicated by dashed lines), are also given. All thermograms are normalised by peak 

heat flow for clarity. 

Starting with the initial state of the as-received HMW powder, the first heating thermogram 

exhibits several well-resolved features, namely a glass transition at ~53 °C (Tg), a so-called 

‘cold crystallisation’ exotherm peaking at ~104 °C (forming predominantly the α’ crystalline 

phase [21,22]) and a melting endotherm at ~164 °C. The first cooling thermogram features a 

crystallisation exotherm at ~106 °C (forming both α and α’ phases), and the subsequently-

recorded second heating thermogram exhibits a broader melting endotherm peaking at ~163 

°C, with contributions from melting α (lower-temperature onset and satellite peak) and α’ 

(higher-temperature main peak) polymorphs clearly resolved (cf. the first heating thermogram). 

To examine how the degree of crystallinity varies for the corresponding thermal processing 

protocols, the changes of enthalpy, ΔH, for selected transitions in the first and second heating 

thermograms were calculated and are labelled in Fig. 4.5. In the first heating thermogram, ΔH 

for the crystallisation exotherm is 4.1 J g−1. Note that this value is lower than ΔH for the melting 

endotherm (8.3 J g−1), suggesting that some crystallinity may already be present in the pristine 

powder.30 In the second heating thermogram, ΔH for the melting endotherm is 14.5 J g−1. 

The degree of crystallinity can be estimated using the previously reported value for the enthalpy 

of fusion for 100% crystalline PFO, ΔHf
0 = 73 J g−1 [39]. Under the adopted dynamic conditions 

(i.e. 10 °C min−1 heating and cooling rates), the degree of crystallinity obtained by cold-

crystallisation is then estimated to be ~6% using the corresponding crystallisation enthalpy 

value (4.1 J g−1). A substantially higher degree of crystallinity of ~20% is estimated for the 

melt-crystallised sample using the corresponding melting enthalpy value (14.5 J g−1). 

The analysis above—specifically the lower degree of crystallinity estimated for cold-

crystallised PFO samples compared with that for PFO conventionally crystallised from the 

melt—motivated our choice of cold-crystallisation as the protocol for preparing semicrystalline 

PFO films. As such, the semicrystalline HMW PFO films studied here are expected to feature 

a relatively small degree of crystallinity in a non-percolating network, thus enabling a closer 

comparison with the β-embedded HMW PFO layers (~4.6 vol% of β-phase, see Raman 

                                                 
30 Plausibly originating from the final precipitation/purification steps during PFO synthesis. 
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spectroscopy part in Section 4.5.2 for details) in terms of solid-state microstructure for 

electronic transport. 

4.19.2 Optical Spectroscopy 

In order to spectroscopically confirm that the chosen processing protocols can indeed yield 

PFO films in the three required microstructures (that is, glassy, semicrystalline and β-phase) 

for (opto-)electrical measurements, 31  reference thin films were fabricated using identical 

procedures on fused-silica substrates (for details see Section 3.3). Figure 4.6(a) shows the 

corresponding UV-Vis absorption spectra. 

Glassy PFO films—obtained via the ‘hot-spin’ protocol—exhibit a typical, inhomogeneously-

broadened absorption spectrum (peaking at ~381 nm), which arises from a stochastic 

distribution of inter-monomer torsion angles for the ensemble of kinetically-trapped, non-

equilibrium chain conformations [40] featuring a widespread set of intra-chain couplings. 

The absorption spectrum for semicrystalline PFO films features an additional redshifted 

shoulder at ~429 nm—as confirmed by its negative numerical second derivative—

corresponding to absorption by the comparatively more extended crystalline chain segments. 

As mentioned above, PFO is documented to feature two closely-related crystalline 

microstructures; given the thermal history of the samples, we ascribe the observed spectral 

features to the so-called α’-phase which is known to preferentially form at temperatures <130 

°C [21]. Also of note is the relatively low intensity of the absorption shoulder compared to 

some of the earlier reports [2,21,40]: this is primarily attributed to the substantially higher 

molecular weight of the PFO used in this study, featuring a higher number density of chain 

entanglements that hinders crystallisation [41]. The observation of reduced degree of 

crystallisation from UV-Vis absorption accords with the relevant DSC analysis presented in 

Section 4.5.1. 

The absorption spectrum for β-embedded thin films displays the characteristic peak at ~432 

nm, attributed to the S0→S1 0-0 transition for the β-phase chain segments [28,30]. It is 

redshifted relative to the corresponding transition for crystalline PFO as a consequence of the 

maximally-extended, planar-zigzag chain geometry of the β-phase [25]. The β-phase 

                                                 
31 Namely, ToF and hole-only device measurements, as well as energy-resolved electrochemical impedance 

spectroscopy (ER-EIS). 



 

79 

absorption peak is particularly well-defined32 because (i) the process of β-phase formation—

namely, co-crystallisation with a small-molecular solvent [16,32]—inherently requires a 

distinct molecular geometry in terms of both the backbone and the side chain 

arrangements [28,42,43] and (ii) β-phase is understood to form with a certain minimum chain 

segment length, along which π-electron wavefunctions are sufficiently extended [44]. Using a 

simple spectral subtraction method [29] applied to the corresponding UV-Vis data, we 

estimated the β-phase fraction in the thin films to be ~3.3% (also refer to Section 4.5.2 for the 

estimate on optically-thick layers by Raman scattering). 

 

Figure 4.13: Optical spectroscopy of PFO films processed in different ways leading to three distinct 

microstructures: isotropic glassy (▬) via spin-coating at elevated temperature, semicrystalline (▬) by 

performing cold-crystallisation treatment to pristine glassy films, β-embedded (▬) via toluene solvent vapour 

exposure to pristine glassy films. (For details about processing treatments see method Section 3.3, Chapter 

3.) (a) Peak-normalised absorption spectra for thin (~65 nm) films. (b) PL spectra for optically-thick (~1.8 μm) 

films (prepared for ToF measurements) normalised to their respective S1→S0 0-1 vibronic peaks to mitigate 

re-absorption effect. Inset shows schematic representations of the three studied chain conformations of PFO 

as defined by the inter-monomer torsion angle  (same colour scheme adopted; n-octyl (C8H17) side chains 

omitted for clarity). All PL spectra were recorded with excitation at 385 nm. 

In comparison to absorption measurement which samples the entire range of different 

constituent phases present in a film thereby showing an approximately linear relationship 

between the volume concentration and the absorbance of different phases, photoluminescence 

occurs predominantly from a smaller range of species—for instance, the energetically 

stabilised β-phase, followed by efficient energy transfer from glassy and crystalline phases in 

                                                 
32 In terms of both the characteristic peak wavelengths and the sharper linewidths of the vibrionic bands. 
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the case of mixed-phase PFO [1,2]. It is reported that even a small fraction of β-phase (~1%) 

within a mixed-phase PFO film will dominate the emission spectra [2,3]. 

Figure 4.6(b) shows PL spectra of the ToF films, normalised to their respective S1→S0 0-1 

vibronic peaks on account of varying degrees of self-absorption effect, which is especially 

pronounced among thick layers. The spectra mark the (i) redshifts, (ii) sharpened linewidths 

and (iii) reduced apparent Huang–Rhys factors33 of the vibronic transitions upon planarisation 

of backbone (glassy → β-phase), which in turn promotes intra-chain electronic coupling and 

delocalisation of the excited state. Note that for semicrystalline and β-phase films, the PL 

emission originates almost entirely from those minority chain-extended species, with only a 

slight shoulder at ~420 nm signifying the S1→S0 0-0 transition peak of glassy phase. 

Conversely, site-selective PL measurements (shown in Fig. 4.9) confirmed that the glassy PFO 

films prepared via ‘hot-spin’ are maximally free from either crystalline or β-phase chain 

segments—a key attribute for our subsequent charge transport study and comparisons. 

Given the consistency between PL spectra recorded for reference thin films (Fig. 4.7) and 

optically-thick films for realising ToF devices (Fig. 4.6b), and the sound agreement with the 

previous reports [2,21,22,40], we conclude that the adopted processing protocols yield samples 

with required solid-state microstructures. A final important reiteration is that for both 

semicrystalline and β-embedded samples the corresponding extended chain conformations 

represent a minority volume fraction of the bulk chain ensemble. We therefore rule out the 

emergence of macroscopic percolation of crystalline or β-phase domains in these PFO films 

and instead treat either crystalline or β-phase chain segments as a small perturbation to the 

overall density of states of the bulk. 

                                                 
33 In other words, the increase of the ratios of S1→S0 0-0 vibronic transition relative to the 0-1 and 0-2. 
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Figure 4.14: Fluorescence spectra of glassy (▬) and β−embedded (▬) ~65-nm thin films normalised to their 

respective S1→S0 0-0 vibronic peaks. Wavelengths corresponding to the characteristic (or ‘signature’) 

emission peaks for both sample variants are indicated. 

In variable-angle spectroscopic ellipsometry (VASE), for a monochromatic beam of light of a 

known polarisation, phase difference Δ (associated with κ) and amplitude ratio tan ψ 

(associated with n) are measured for s- and p-polarised components at various 

incident/reflection angles θ to the thin-film sample. The monochromatic light sweeps from 

~700 nm to ~300 nm for the measurements on PFO. The n, κ sets presented in Fig. 4.8 for all 

three microstructural variants were obtained by fitting the VASE data using a stand critical-

point (SCP) model [45]. 

 

Figure 4.15: VASE-derived complex refractive indices for glassy (▬), semicrystalline (▬), and β-embedded 

(▬) PFO thin films. The presented n, κ sets for all three variants were obtained by fitting the VASE data using 

a stand critical-point (SCP) model [45]. Again, the κ spectra evidence the expected redshifts in absorption 

onsets with progressively increased backbone planarity (glassy → crystalline → β-phase). 
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Thin-film optical data (in both Fig. 4.6(a) and Fig. 4.8: the extinction coefficients κ) hint that 

for each scenario, the onset of absorption profile in the long-wavelength region is qualitatively 

indicative34 of the profile and depth of (optically-active) sub-bandgap states with respect to the 

carrier transport level. 

In Fig. 4.9 we show PL spectra collected via site-selective excitation of the glassy and β-phase-

embedded ToF films. The 432-nm excitation ‘targets at’ the S0→S1 0-0 absorption peak of the 

β-phase while absorption from glassy phase is minimal (as evidenced by Fig. 4.6(a)). Such site-

selective excitation directly populates β-phase chain segments (if present) in contrast to 

excitation at shorter wavelengths which would populate β-phase segments via excitation energy 

transfer. This method is thus a more sensitive spectroscopic probe to inspect the presence of β-

phase. The absence of any emission characteristics of β-phase in the glassy spectrum (Fig. 4.9) 

confirms that the glassy PFO layers are indeed maximally free from β-phase. The wavelengths 

of the vibronic transition peaks are indicated, showing excellent agreement with the previously 

published spectroscopic data for glassy and β-phase PFO [2,24,29,40], as well as Fig 4.7 of the 

present study. 

 

Figure 4.16: Site-selective PL spectra of thick (~1.8 μm) glassy (▬) and β-embedded (▬) PFO films, as 

prepared for ToF measurements. The spectra were recorded with excitation at 432 nm which coincides the 

S0→S1 0-0 transition peak of the β-phase while absorption from glassy phase is minimal (see Fig. 4.6(a)). As 

opposed to PL excitation for PFO at ~385 nm, such site-selective excitation minimises the reliance on 

excitation energy transfer to populate the β-phase chain segments and was therefore applied to confirm the 

                                                 
34 Qualitative in the sense that, among different polymorphs, the absorption onsets reflect their HOMO–LUMO 

electronic transition levels (or Eg), however they are not capable of explicitly telling the energy offsets related to 

either HOMO or LUMO. 
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glassy PFO layers under test are indeed maximally free from β-phase. Wavelengths of the vibronic peaks 

are indicated: these values are in excellent agreement with those marked in Fig 4.7 for thin films. 

Figure 4.10 reflects microstructures of the thick PFO films prepared according to three different 

procedures,35 as viewed using cross-polarised light microscopy. Only the cold-crystallised 

sample exhibited significant evidence of heterogeneity to the eye by featuring grain-like 

textures. Greyscale image analysis indicates that the β-phase-embedded films are only 

marginally more heterogeneous than the films prepared in the isotropic glassy state. 

 

Figure 4.17: Representative greyscale cross-polarised light micrographs obtained in transmission mode 

(with 50x magnification) and greyscale intensity histograms for PFO thick films (~1.8 μm) of glassy, glassy 

subjected to subsequent 1-hour solvent vapour exposure (‘1hrSVE’, i.e. β-embedded), and glassy subjected 

                                                 
35 We reiterate: ‘hot-spin’ for glassy, ‘cold-crystallised’ for semicrystalline, and ‘1hrSVE’ for β-embedded layers. 
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to subsequent cold-crystallisation at 120 °C (i.e. semicrystalline) types. The scale bar is 10 μm. All cross-

polarised light micrographs shown above were taken with the same experimental condition (exposure time 

500 ms, gain 18 dB, fixed light intensity) using an Olympus BX51 microscope and have been subjected to 

identical image processing. The intensity histograms of the greyscale images were extracted using ImageJ 

software v1.50. 

Estimating volume fraction of induced β-phase by Raman scattering 

Figure 4.11 illustrates the approach we took to estimating the fraction of β-phase present in the 

β-embedded ToF layers by quantifying the relative intensity of a Raman mode that has a 

characteristic dependence on β-phase fraction.36 Note that for these ToF layers, conventional 

analysis of β-phase fraction based on optical transmission measurements (as applied to thin 

films, vide supra) is problematic due to their excessively large optical thickness. 

 

Figure 4.18: Estimation of β-phase vol% in HMW ToF (i.e. optically-thick) layers using glassy (▬) and β-

embedded (▬) Raman spectra. A grey arrow indicates the spectral position of the 1581 cm−1 mode. Inset 

shows the previously reported [3] experimental data and linear fit (● and dashed line, respectively) for Raman 

intensity ratio, rR, of the 1581 cm−1 mode relative to the 1606 cm−1 mode as a function of β-phase fraction. 

The corresponding rR values extracted from the Raman spectra of glassy () and β-phase () ToF PFO 

films are placed on the fit line to provide estimates for their respective β-phase fractions. 

                                                 
36  This characteristic dependence is largely attributable to the mode’s sensitivity to enhanced electronic 

polarisability arising from the planarised β-phase chain segments and, in turn, further extended delocalisation of 

π-electrons. 
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Previously reported Raman spectroscopy measurements on PFO films (see Ref. [3]) have 

revealed a linear relation between the relative intensity of selected Raman peaks and the β-

phase fraction, albeit for PFO of somewhat lower molecular weight. Notably, Raman intensity 

ratio, rR, of the 1581 cm−1 mode relative to the 1606 cm−1 mode37 was reported to scale linearly 

with β-phase fraction varying in the range of 0–9 vol%. This linear relation reads 

 
3

R 4.68 10 ( -phase fraction (%)) 0.103r −=   +  (4.1) 

While the generality of this relation in terms of, for instance, molecular weight of PFO is not 

determined to date, it was nevertheless deemed appropriate for estimating the β-phase fraction 

in thick PFO layers used in ToF devices. We note, moreover, that measurements (data not 

shown here) performed on films of another LMW PFO indicated an almost identical 

dependence of rR on β-phase fraction. 

To this end, Raman spectra were recorded for glassy and β-embedded ToF films using 

instrumental settings identical to those in Ref. [3] and are shown in Fig. 4.11. The 

corresponding Raman intensity ratios, rR, of the 1581 cm−1 mode relative to the 1606 cm−1 

mode were then placed on the previously-reported fit line in order to assess the β-phase fraction, 

as shown by the inset of Fig. 4.11. 

For the β-embedded PFO ToF film (rR ≈ 0.126), this analysis yields an estimate of 4.6±0.4% 

for the β-phase fraction. Gratifyingly, for the glassy PFO ToF film (rR = 0.102) the β-phase 

fraction is estimated to be −0.2% which closely matches the nominal 0% value. 

4.19.3 Structural Characterisations of +/− Beta Thin Films 

Grazing-incidence wide-angle X-ray scattering 

In order to further identify the impact of β-phase on the structural properties of otherwise glassy 

PFO, we analysed thin films (~100 nm) of glassy PFO with or without (+/−) β-phase using 

grazing-incidence wide-angle X-ray scattering (GIWAXS) at the Slovak Academy of Science 

(SAS), Bratislava, Slovak Republic. Dr. Karol Végsö carried out these GIWAXS 

                                                 
37 The ~1606 cm−1 main peak is assigned to a symmetric in-plane C–C ring-stretching mode [107]. 
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measurements. The acquired two-dimensional (2-D) scattering patterns for the glassy and β-

embedded samples are shown in Fig. 4.12.38 

 

Figure 4.19: Comparison of 2-D GIWAXS spectra of +/− β PFO thin films (~100 nm), left panel: glassy state; 

right panel: β-embedded. In comparison with the fully amorphous pattern of glassy thin films, a clear 

diffraction arc of radius ~0.49 Å−1 is observed for the β-embedded GIWAXS image. This β-lamellar-stacking-

related arc signifies spread orientations of the β-phase structural heterogeneity induced in the amorphous 

bulk. However, the obvious anisotropic intensity of the diffusive ring evidences a preferentially adopted ‘edge-

on’ orientation of β-phase PFO backbones relative to the plane of the substrate. 

 

Figure 4.20: qz-axis line cuts of the 2-D GIWAXS patterns: glassy (––) and β-embedded (–▲–). 

                                                 
38 We note the broad, red and green ‘halos’ in the GIWAXS patterns are caused by X-ray dissipation of the 

specular beam at the beam stop (indicated by the stripped rectangles) as well as though air atmosphere. To suppress 

this effect, measurements could have been performed in an evacuated chamber. 
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Further to Fig. 4.12 on the 2-D GIWAXS images, Fig. 4.13 provides ‘line cuts’ extracted along 

the qz direction through the origin of the qxy reciprocal plane. For the β-embedded case, there 

appears a diffuse ring centred at the origin with a prominent diffraction peak at ~0.49 Å−1 on 

the qz axis. This diffraction peak indicates the emergence of more ordered lamellar stacking 

due to β-phase structural heterogeneity. The anisotropic directionality of lamellar stacking 

reveals that β-phase segments favour a vertical (edge-on) orientation relative to the substrate. 

For the glassy sample, the featureless diffraction signal along the qz line cut confirms its full 

amorphous state. 

The typical β-phase inter-chain lamellar packing distance (along the a-axis direction of β-phase 

crystal) can thus be estimated to be ~12.8 Å. This is in sound agreement with the value 

proposed by Liu et al. [46]. The same work has also suggested a ~4.2 Å π-π interaction spacing 

(b-axis) for β-phase crystal—a feature which lies beyond our GIWAXS imaging range.39 We 

further note that the reported large aspect ratio of these lenticular-shaped crystals [46] well 

reflects the 1-D fibril structure of the β-phase conformer. 

Tapping-mode atomic force microscopy 

Surface morphological study on PFO thin films were carried out in tapping (a.c.) mode using 

an Agilent Technologies 5500 AFM system equipped with a Tap300Al-G AFM tip (typical 

resonance frequency of ~300 kHz; BudgetSensors®), under dark ambient environment. A scan 

area of 1 × 1 μm2 was selected; the scan speed was set to 0.3 lines s−1. Figures 4.14 and 4.15 

compare +/− β thin film topography in 2-D and 3-D representations, respectively. 

                                                 
39

 Due to the limited GIWAXS detector dimension, attainable q values of the 2-D images remain out of range for 

estimating π-stacking distance. However, we may still be able to comment that, the overall π-stacking spacing 

reduces upon inclusion of the β-phase (note in Fig. 4.12 the diffusive ring at a radius of >1.35 Å−1 in glassy 

samples has been further ‘pushed out’ in β-embedded samples). Therefore, it deems plausible to propose that in 

the bulk layer, the stabilisation of electronic structure of β-phase segments comes from both (i) backbone 

planarisation (predominant contribution) and (ii) a slightly closer π-stacking (minor contribution, since the 

reported ~4.2 Å spacing [46] would be (empirically and arguably) considered marginally too large to establish 

optimal π-π interactions and hence frequent inter-chain ‘bridges’ with high electronic coupling; cf. ~3.85 Å π-

stacking for regioregular P3HT [108]). 
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Figure 4.21: Tapping-mode atomic force microscopy topographic images of ~100 nm PFO film films featuring 

(a) neat glassy (RMS roughness ~0.315 nm) and (b) β-embedded (via ‘1hrSVE’; RMS roughness ~0.705 nm) 

microstructures. A scale bar on the right provides absolute surface roughness for each AFM image. 

 

Figure 4.22: The corresponding three-dimensional views of the topographies in Fig. 4.15. An identical scale 

for height is adopted for (a) neat glassy and (b) β-embedded to enable a direct visual comparison of the 

surface roughness. 

We note from Fig. 4.14 that glassy film carries an ultra-smooth surface typical of amorphous 

morphology (RMS roughness ~0.315 nm versus layer thickness ~100 nm), while β-embedded 

layer (obtained via ‘1hrSVE’) possesses a predominantly amorphous texture, plus some overall 

evenly spread, discrete aggregated domains which slightly roughen the surface (RMS 

roughness ~0.705 nm). Figure 4.15 reinforces such observation with equivalent 3-D 

representations, for which the same scale settings are applied to enable a direct visual 

comparison of the surface topography. 

Conclusions able to be drawn from the structural characterisations are that β-phase gives rise 

to structural ordering in the film due to (preferably edge-on) packing of the planarised chain 
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segments, however, the diminishingly small increase in surface roughness upon introduction 

of β-phase heterogeneity via relevant processing will by no means perturb the active layer 

thickness for (opto-)electrical measurements. 

4.19.4 Summary of Non-Electrical Characterisations 

With desired microstructures/polymorphs clearly identified by thermal, optical and structural 

techniques, we turn to (opto-)electrical characterisations for transport properties and DoS 

mapping of PFO samples. 

1.20 TIME-RESOLVED PROBES 

In this section, we report on hole transport measurements in optically-thick PFO layers using 

a time-resolved opto-electrical probe, the time-of-flight (ToF) photocurrent charge-carrier 

mobility method. Experimental practices of the ToF technique and procedures for relevant 

device making are detailed in Chapter 3. 

4.20.1 Charge Trapping from Crystalline and Beta-Phase Structural Orders: A Room-

Temperature Time-of-Flight Study 

ToF hole mobility (µh) measurements on HMW PFO devices prepared in three distinct forms 

(i.e. glassy, semicrystalline and β-embedded) reveal a clear trend of drastic mobility reduction 

upon the inclusion of microstructural heterogeneities. Figure 4.16(a) provides double-

logarithmic plots of the hole photocurrent transients measured at room temperature (~290 K) 

for 1.8-µm-thick PFO films sandwiched between hole-blocking indium-tin oxide (ITO) and 

aluminium (Al) electrodes, under an applied bias Vapp of 10 V.40 The identical conditions imply 

that ToF hole transport for the different samples can be directly compared from the carrier 

transit times, ttr, herein defined as the intersection of the tangents to the plateau and the trailing 

edge of each photocurrent transient in the double-logarithmic representation. In each case a 

clear ‘knee’ is observed at ttr, beyond which the photocurrent decays rapidly as carriers exit the 

film via the Al counter electrode. The deduced ToF hole mobility values, µh = d2/(ttrVapp), with 

                                                 
40 That is, at an electric field strength of ~5.6 × 104 V cm−1. 
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d being the film thickness, are displayed in Fig. 4.16(b) as a function of the square root of the 

electric field, (Vapp d
−1)1/2, as per the so-called Poole-Frenkel representation. 

 

Figure 4.23: Room-temperature time-of-flight studies on HMW PFO layers featuring varied microstructures. 

(a) Representative ToF photocurrent transients for glassy (▬), semicrystalline (▬) and β-embedded (▬) 

PFO samples. All films possess closely similar thickness (~1.8 μm), and the measurements were performed 

under identical conditions (Vapp = 10 V, i.e. at E ≈ 5.6 × 104 V cm−1; and T ≈ 290 K). For each case, the carrier 

transit time (ttr, indicated by an arrow) was extracted by locating the point of intersection of two tangents 

(omitted for clarity) fitted to the pre- and post-transit regimes of the photocurrent transient on the double-

logarithmic scale. Variations in the onset of the initial spike reflect different settings of temporal 

resolution/window to best capture the transients. No manual offset was applied to the transients and the 

photocurrent levels are absolute. (b) Poole-Frenkel plot (µh versus E1/2) showing the field dependence of ToF 

hole mobility for glassy (), semicrystalline () and β-embedded () PFO samples, at ~290 K. 

It is evident from Fig. 4.16(b) that µh of neat glassy PFO (~3–4 × 10−2 cm2 V−1 s−1) is more 

than tenfold larger than that of semicrystalline and a hundredfold higher than that of β-

embedded, at a moderate electric field of ~105 V cm−1. The glassy PFO value is, to the best of 

our knowledge, the highest ToF mobility attained to date for PFO, and one of the highest ToF 

µh ever reported for a conjugated polymer.41 The remarkable finding is that this high ToF µh 

was accomplished by an isotropically disordered photoconductive medium exhibiting neither 

detectable crystalline nor macroscopic or local (e.g. nematic) orientational order,42 whereas 

previous µh enhancements in PFO were ascribed to some sort of morphological orders, for 

instance, by featuring either crystallinity [33] or uniaxially-aligned nematic glass [23]. 

                                                 
41 Even higher (> ca. 10−1 cm2 V−1 s−1) ToF µh in organics have only been recorded in small-molecule systems 

with liquid-crystalline, crystalline or semicrystalline ordering, e.g. in Refs. [109–112]. 

42 As evidenced spectroscopically by Figs. 4.6(b) and 4.9 and structurally by Figs. 4.12 and 4.13. 
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We certainly acknowledge that even higher µh in conjugated polymers have been commonly 

obtained by field-effect transistor (FET) measurements—a steady-state method which probes 

lateral- rather than vertical-mode transport, and relies on the accumulation of much higher 

charge-carrier density sufficient to passivate the effect of carrier trapping via trap-filling at the 

active layer–dielectric interface.43 However, due to significant variations in device structure, 

charge-carrier density, as well as operation mode,44 magnitudes of µh data extracted from ToF 

and FET methods are hardly, if at all, comparable. 

The ToF µh of the semicrystalline sample (2 × 10−3 cm2 V−1 s−1) is consistent with previously 

reported values for such microstructures [33,47], while the value for the β-embedded sample 

is typical of films spin-coated at room temperature where the mobility falls into the range 9 × 

10−5 ≤ µh ≤ 3 × 10−4 cm2 V−1 s−1 [4,14,33,47]. We recall that the β- and crystalline phases 

embedded in the otherwise glassy layer constitutes a small fraction towards the total bulk 

volume. 

The exclusion of crystalline and β-phase chain segments by preparing PFO films in a 

completely glassy state affords a significant boost of room-temperature time-of-flight hole 

mobility to of ~3–4 × 10−2 cm2 V−1 s−1—an observation which contradicts the traditional view 

that chain ordering necessarily benefits charge transport. In a yet unpublished manuscript [5],45 

we proposed that achieving bulk ToF mobility values in conjugated polymers up to the order 

of 10−1 cm2 V−1 s−1 may not require particularly high degrees of microstructural ordering. What 

matters is not whether the polymer layer is uniformly conducting, only that there are sufficient 

continuous, filamentary conducting pathways which could be enabled by either respectable 

inter-chain charge-transfer rates (as implied by Refs. [14,48]), or long-range polymer chain 

orientation with rod-like percolation that allows charge carriers to ‘bypass’ the highly 

disordered regions (as with Ref. [49]), or a combination of both strategies (as hinted in 

Refs. [50,51]). 

The field dependence of µh differs for varied microstructures, with those of the β-embedded 

and semicrystalline samples agreeing well with prior studies on RT-spun [4,14] and 

subsequently thermally-annealed [33] samples, respectively. We speculate those RT-spun PFO 

samples [4,14] may well have been β-phase-contaminated, since we have noticed β-embedded 

                                                 
43 Provided also that carrier injection from the source contact is optimal. 

44 ToF: time-resolved, out-of-equilibrium transport; FET: steady-state transport under equilibrium. 

45 Due to the tremendous inertia of a ‘co-author’. 
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samples (via ‘1hrSVE’) to manifest the same magnitude of ToF μh. This hypothesis is further 

compatible with the favourable formation of β-phase under prolonged polymer-solvent 

interaction [6,24–26], by e.g. retarding the kinetics of film solidification during solution-based 

deposition process. Indeed, PL spectrum of our reference RT-spun film (data not shown) agrees 

exceptionally well with that of the β-embedded film via ‘1hrSVE’ (as in Fig. 4.7). 

Compared to semicrystalline and β-embedded counterparts, the stronger field dependence 

recorded for the glassy PFO sample may be assigned to a higher degree of energetic disorder 

according to the Gaussian disorder model (GDM) [52]. We note, however, that in such a picture, 

higher energetic disorder would also lead to more pronounced dispersion in the ToF transient, 

commonly read as W = (t1/2 − ttr)/t1/2, where t1/2 is the instant where the current decreases to half 

of its plateau value [52]. For the PFO sample variants in Fig. 4.16(a), however, the W values 

are comparable (with Wglassy ≈ Wsemicrystalline ≈ Wβ-embedded ≈ 0.25). 46  The different field 

dependences in this case may therefore have a different origin than varying amounts of 

energetic disorder following the notion of the GDM model. 

We finally note that no discernible electron ToF transients were detected for any of the PFO 

devices—an observation agreeing with previous reports [4,47,53]. 

We have thus far narrated a prologue to the general hole-trapping effects of crystalline and β-

phase structural orderings in PFO. To proceed further, we will for now set aside semicrystalline 

samples but revisit them in Chapter 5, where we evaluate the impact of selected nucleating 

agents and the kinetics of crystallisation on ToF hole transport in PFO. For the rest of the 

present Chapter, we place our emphasis on elucidating the structure–transport relationships of 

PFO in the presence or absence (+/−) of β-phase. 

4.20.2 Temperature-Dependent Time-of-Flight Studies on +/− Beta Devices 

It is of interest at this stage to extend ToF measurements on +/− β PFO devices into a 

temperature-dependent set. This type of study has been ‘routinely’ 47  carried out in the 

community to extract disorder parameters of photoconductive media within the framework of 

the GDM that assumes the DoS profiles to be of Gaussian type. The analysis would allow us 

                                                 
46 A spoiler: the DoS profile arising from the predominant glassy volume dominates transport dispersion, whereas 

the minority structural trap depths dominate the ToF µh readouts. 

47 Sometimes used without assessing the applicability/suitability. 
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to compare results with previously published data on similar, e.g. polyfluorene-family 

materials. In addition, although the GDM formalism is not directly consistent with our device 

model (as presented in Section 4.10), it serves as a means to evaluate intra-chain hole mobility 

in the case of glassy devices (i.e. layers with microstructural homogeneity and isotropy). 

Figure 4.17 shows the ToF µh as a function of temperature and electric field in HMW neat 

glassy (hexagons; top set) and β-embedded (up-triangles; bottom set) devices. We note again 

that the ~hundredfold transient μh reduction of glassy PFO is achieved by introducing only a 

minor fraction (4.6±0.4 vol%) of β-phase. 

 

Figure 4.24: Temperature-dependent Poole-Frenkel plots of time-of-flight hole mobility as a function of 

square root of applied electric field, measured at various temperatures for ToF devices made with ~1.8-µm-

thick pristine glassy HMW PFO layer (top,  set) and with β-phase-embedded layer via ‘1hrSVE’ treatment 

(bottom,  set). Concerning detailed sets of measurement temperatures, the reader is referred to Gaussian 

disorder model (GDM) analysis scatter plots, Fig. 4.18(a) for glassy and Fig. 4.18(b) for β-embedded devices, 

for which the same colour coding for temperatures was adopted. 

Note also the discrepancy between +/− β field dependence with a greater sensitivity to electric 

field for the high μh glassy sample. Previously, different field dependences had been assigned 

by GDM to variations in the energetic and configurational disorder [52]. However, such a 

model would only be appropriate for relatively homogenous media, and are not suitable for β-

embedded PFO layers bearing structural heterogeneities. Nevertheless, for the sake of 

comparing results with other reported data on alike (e.g. polyfluorene-type) materials, we 

extract the zero-field hole mobility (μh0) dataset and the energetic disorder parameters using 

the GDM, and present the data in Fig. 4.18. 
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Figure 4.25: GDM analysis of the temperature-dependent ToF data, plotted as zero-field hole mobility μh0 

versus T−2 for the estimation of energetic disorder breadth σ and high-temperature-limit μh0, based on GDM 

fitting of experimental data from Fig. 4.17: (a) for glassy device and (b) for β-embedded device. 

The GDM analysis (shown in Fig. 4.18) yields a slightly higher value for the energetic disorder 

of the β-embedded device (σβ-embedded ≈ 85 meV) than for the neat glassy device (σglassy ≈ 75 

meV). It also provides a high-temperature limit of μh0 for the glassy device of ~0.6 cm2 V−1 s−1, 

which we assign as the effective ‘free’ hole mobility (or the band-edge μh) above the HOMO 

mobility edge in the framework of multiple-trapping model. This value—which is of order of 

1 cm2 V−1 s−1—is compatible with TRMC-assessed intra-chain mobility along coiled PFO 

chains in dilute solution [35,36]. Traditionally, the estimate of μh0 in the high-temperature limit 

has been correlated with the degree of electronic coupling (or overlap integral) between 

transport sites for material system comparison. Here we argue that this is not always applicable, 

especially for active layers bearing inhomogeneous microstructure (e.g. in the case of β-

embedded PFO). 

1.21 STEADY-STATE AND FREQUENCY-RESOLVED PROBES 

Alongside ToF characterisations, we made use of both steady-state current density–voltage (J–

V) and frequency-resolved impedance spectroscopy measurements for asymmetric single-
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carrier devices, in order to systematically investigate vertical-mode hole transport in PFO under 

varied conditions.48 Fabrication protocols of the hole-only devices are given in Chapter 3. 

4.21.1 Current Density–Voltage Measurements on Hole-Only Devices 

Figure 4.19(a) presents steady-state J–V curves for 135-nm asymmetric +/− β HMW PFO hole-

only devices on the double-logarithmic scale. A clear rectification contrast between the hole 

currents through Ohmic Au/MoOx (denoted by ‘forward bias’) and blocking ITO/PEDOT:PSS 

contacts (labelled as ‘reverse bias’) is evident for both microstructural variants. The steady-

state J–V data suggest that the distinction between d.c. μh values of the +/− β devices is 

systematic, however in no way comparable to the ~two-orders-of-magnitude difference 

inferred from the transient photocurrent probe. On a side note, we shall keep the above 

specified electrical bias convention throughout the work. 

 

Figure 4.26: (a) Steady-state J–V measurements for asymmetric hole-only devices made of 

ITO/PEDOT:PSS/135-nm-thick +/− β HMW PFO layers/MoOx/Au structure. Forward-bias response is 

represented by solid lines and refers to hole injection through the Ohmic Au/MoOx top contact. The 

measurements were performed at 295 K; and with glassy device measured from 10−2 to 3 V, whereas to 3.5 

V for β-embedded device; step for the voltage scans was 25 mV. (b) Plots of the corresponding slopes 

(d(log10J)/d(log10V)) of all dual-logarithmic-scale current traces in (a) against voltage. The slope = 2 line 

signifies the idealised scenario of trap-free, drift-dominated space-charge-limited current (SCLC) at the high-

bias regime, which is predicted by the Mott-Gurney theory [54]. 

We notice that in Fig. 4.19(b), the ‘forward-bias’ current traces start off with a slope of ~1 in 

the low-bias region, then ramp up rapidly with slopes considerably exceeding 2—a benchmark 

                                                 
48 A non-exhaustive summary of the relevant aspects includes the mode of excess carrier injection, spatial carrier 

density and hence electrostatic profiles in the devices, equilibrium versus non-equilibrium transport. 
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set by the Mott-Gurney law for space-charge-limited current (SCLC) conduction in the trap-

free regime [54].49 Furthermore, the lack of reliable survey on device properties, such as Vbi 

and profiles of the trap states, undermines any reliable application of more extended analytical 

treatments of variant types such as the Mark-Helfrich equation [55], whereby (i) drift motion 

of charge carriers are assumed to be retarded by a mono-exponential tail of localised states 

extending into the bandgap, and (ii) Ohmic contacts at both the injection and extraction ends 

(hence Vbi = 0) are required. In an unpublished work [56], we (with group member Jason Röhr) 

have assigned the steep rise of the slope to a combined effect of overcoming the built-in voltage, 

Vbi, and trap filling. Within the measured voltage range, the +/− β slopes at the high-bias end 

never fall back to the slope of 2, neither do their asymptotes appear to converge to that level. 

These phenomena signify the presence of charge-carrier traps in the +/− β PFO layers, although 

for now we lack a reliable survey of their DoS profiles.50 

We had therefore refrained from directly applying either Mott-Gurney [54] or Mark-

Helfrich [55] formalism to extract d.c. μh for glassy and β-embedded layers using their 

respective forward-bias J–V data in the high-bias regime.51 Instead, the +/− β field-dependent 

d.c. hole mobility sets were determined using the frequency-resolved −Im[Z]–f method. The 

relevant results are provided in the forthcoming Section 4.7.2. 

It is also worth noting that when bias potential is made positive on ITO/PEDOT:PSS relative 

to Au/MoOx, a J–V slope ≈ 1 persists for the ‘reverse-bias’ currents on the dual-log scale. Given 

that the device area is 4.5 mm2
, and owing to the severe injection deficiency imposed by the 

large (~0.5–0.6 eV) injection barrier at the PEDOT:PSS/PFO interface in this otherwise shunt-

dominated reserve-bias regime, a shunt resistance (Rshunt) for the devices could be worked out 

as ~109 Ω—a parameter which we later feed into our numerical model to reproduce the hole-

only device response. 

4.21.2 Frequency-Resolved Measurements on Hole-Only Devices 

                                                 
49 The Mott-Gurney law also assumes both contacts of the single-carrier device to be Ohmic—a criterion which 

the asymmetric PFO hole-only devices fail to fulfil. 

50 A subject that we will tackle in the latter Sections 4.8 and 4.9. 

51 The derivation of Mark-Helfrich equation was based on Ohmic contacts and mono-exponential distribution of 

sub-bandgap states. 
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Impedance spectroscopy on the HMW PFO hole-only devices with and without the inclusion 

of β-phase were performed using a frequency-variable (100 Hz to 1–2 MHz) 50 mVpp small-

signal a.c. perturbation at discrete forward d.c. biases.52 The (arguably simplistic)53 equivalent 

circuit applied to model the system behaviour is provided as the inset of Fig. 4.20, along with 

example Nyquist plots of a series of low-bias dataset probed from the β-embedded device are 

shown in the main figure. The complete experimental data, arranged in the form of negative 

imaginary part of the impedance versus frequency (−Im[Z]–f), on both +/− β devices, are 

presented in Fig. 4.21. 

 

Figure 4.27: ‘Unconstrained’ (see surrounding text for clarifications) semicircle fits to the low-voltage data 

series of the 135-nm HMW PFO β-embedded hole-only device, using the simplified Randles equivalent circuit 

(schematic provided as the figure inset). 

The circuit model, a simplified Randles circuit [57] (see inset of Fig. 4.20),54 is chosen since it 

yields well-fit semicircles as a function of forward d.c. bias (shown in Fig. 4.20). This allows 

us to evaluate hole-only device parameters such as series resistance Rs, geometric capacitance 

Cgeo, etc. In reality, the equivalent circuit would surely be more sophisticated than the 

simplified Randles treatment, since for instance charge-trapping effect is not taken into account 

by such circuit model, neither does the model include any semi-empirical circuit elements such 

as constant phase elements (CPE) to account for non-ideal capacitive behaviour originating 

                                                 
52 See Section 3.5.6 in Chapter 3 for experimental details. 

53 Refer to the next paragraph for explanations. 

54 The Warburg diffusion element, Zw, is omitted in the simplified Randles circuit, as we expect a drift-dominated 

behaviour within the devices under the given measurement settings including (i) small-signal frequency ≥100 Hz, 

and (ii) the lowest applied d.c. bias voltages are ≥Vbi (the reader is referred to the incoming C–V measurement 

results for the estimation of Vbi). 
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from e.g. dispersive carrier transport. However, we note that sometimes ‘less is more’: from 

these unconstrained fits—obtained without restricting any of the three components in the 

equivalent circuit to produce individual optimal semicircle fit to the impedance dataset at each 

d.c. bias—we found Rs ~50–100 Ω (useful later for hole-only device modelling), Cgeo ~830–

870 pF.55 In addition, as expected from the superlinear forward-bias J–V curve (Fig. 4.19(a)), 

the effective ‘conductivity’ across the device rockets (as Rp rapidly drops) with increased 

voltage bias. 

Figure 4.21 plots, side by side, the acquired +/− β impedance spectroscopy data in the 

normalised −Im[Z] versus log10(f) presentation. By performing numerical simulation of C–f 

and −Im[Z]–f characteristics that takes into account various degrees of transport dispersion, 

Tripathi et al. demonstrated that the −Im[Z]–f method is resilient even to the presence of high 

dispersive transport and, hence, affords reliable determination of d.c. mobility [58]. In addition, 

the relative degree of dispersion can be compared by inspecting the relative breadth of the 

−Im[Z] spectra among different systems, with a narrower −Im[Z]–f distribution corresponding 

to a lower dispersion. Regarding Fig. 4.21, no discernible difference in either the FWHM or 

the overall shape of the +/− β −Im[Z] spectra is present—we note that this observation is 

gratifyingly consistent with the alike transport dispersions (recalled here: Wglassy ≈ Wβ-embedded 

≈ 0.25) extracted from ToF photocurrent transients, as shown in Section 4.6.1. 

We therefore apply the −Im[Z]–f method [58] outlined in Section 3.5.6, to extract field-

dependent steady-state (d.c.) hole mobility for +/− β hole-only devices. 

  

                                                 
55 Similar to Cgeo values inferred from C–f measurements, vide infra. 
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Figure 4.28: Normalised frequency-dependent −Im[Z] spectra of 135-nm asymmetric HMW PFO hole-only 

devices: (a) glassy, and (b) β-embedded. At each given d.c. bias, we reciprocate the frequency peak of the 

−Im[Z] spectrum to a d.c. hole transit time, from which a corresponding steady-state hole mobility can be 

calculated [58]. The estimated μh set for each device awaits further correction for the built-in voltage, Vbi, in 

order to finalise the evaluation of field-dependent steady-state μh, as shown in Fig. 4.23. 

There however remains an additional need for correcting the d.c. biases for the built-in voltage, 

Vbi, of the asymmetric hole-only devices in order to work out their respective field-dependent 

d.c. mobility values. To this end, we turn to capacitance–voltage (C–V) measurements [59,60]. 

The experimental C–V characteristics are provided in Fig. 4.22. 

 

Figure 4.29: Frequency-dependent capacitance–voltage characteristics of (a) glassy and (b) β-embedded 

135-nm asymmetric HMW PFO hole-only devices. Positive voltage means applying positive potentials to the 

Au/MoOx contact relative to the ITO/PEDOT:PSS. 

We identify, from Fig. 4.22(b) concerning C–V behaviour of the β-embedded hole-only device, 

the occurrence of a (first) characteristic capacitive peak around the Vbi region under forward 
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bias. This peak is associated with the competition between the drift and diffusion current 

components near the MoOx/PFO interface: the diffusion term causes an increase56 in charge-

carrier density when the d.c. bias closely approaches Vbi, while the drift term sweeps away the 

accumulated carriers thereby reducing the capacitance [59–61]. At further increased forward-

bias voltages, the hole current motion across the device proceeds towards the drift-dominant, 

space-charge-limited (SCL) regime whilst the capacitance rolls off towards three quarters (0.75) 

of the geometric capacitance, Cgeo [59,60,62]. Moreover, it has been well documented in 

literature the frequency-dependent capacitance response of semiconductor diodes in the 

presence of localised defect states [63–66]. In conjunction with probing the intrinsic C–V 

caused by the gradual transition from diffusion- to drift-governed transport, because of the 

frequency-tuneable small-signal a.c. modulation the C–V measurements inherently capture 

extra capacitance contribution from charges thermally released from trap states. We present the 

underlying reasons as follows. 

We recall that the maximum frequency, at which the trapped carriers are still able to interact 

with the a.c. modulation and thus to contribute to the junction capacitance, is given by the trap-

depth-dependent carrier emission rate (Eqn. 2.4 in Chapter 2).57 The C–V spectra probed via a 

frequency-variable a.c. perturbation (1–100 kHz for the present measurement as in Fig. 4.22) 

therefore reflect the landscape of sub-bandgap DoS by modulating the state of occupancy of 

the defect states:58 a higher-frequency small signal interacts with trap levels in closer vicinity 

to the HOMO transport level, and scans further into the sub-bandgap space as its frequency 

decreases.59 

As for the glassy hole-only device (see Fig. 4.22(a)), the capacitance in the forward-bias regime 

is more pronouncedly affected by the aforementioned charge-trapping effect and,60 hence, 

                                                 
56 Primarily due to a reduction in local band bending in close proximity to the contact. 

57 Repeated here for ease of reference: B

escape 0

k T

E

R e
−

= , therefore the deepest trap level still capable of responding 

to an a.c. small signal with angular frequency ω = 2πf is given by
B

* 1

0( ) ln( )TE k   −= . 

58 Here brings in the concept of occupied density of states (ODoS), which is established by capture/emission of 

carriers to/from these states. 

59 Therefore, greater capacitance contributions from defects at lower modulation frequencies, as is clear from Fig. 

4.22. 

60 In the case of glassy device, the conspicuous trap-mediated characteristics arise from not having an energetically 

deep and distinct distribution of localised sub-bandgap states, as with the case of β-embedded device. 

Alternatively, to intrinsically circumvent from trapping effect, high-quality diodes realised by nearly trap-free 

active layers (made from e.g. conjugated small molecules via vapour deposition) would be required [60]. 
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hampering the assessment of Vbi. Despite the different trap-mediated forward-bias capacitance 

response between +/− β devices, under reverse bias where hole injection is effectively blocked, 

the devices signify otherwise the geometric capacitance [62], with Cgeo for both devices ~810 

pF: this implies an identical thickness of the two device variants. 

Following the above rationale, we extract, from Fig. 4.22, Vbi of β-embedded hole-only devices 

by locating the potential at which the capacitance value in the forward-bias regime equals the 

geometric capacitance Cgeo inferred from the reverse-bias regime [59], provided that the value 

is no longer a function of further increased frequency of the 50 mVpp small-signal a.c. 

perturbation (i.e. from namely either the 6.309 or 10 kHz trace). The Vbi is thus estimated to be 

~0.47 V. 

We correct the +/− β d.c. hole mobility sets by the estimated built-in voltage, and by assuming 

that +/− β PFO hole-only devices share a same value. Figure 4.23 shows the values of the d.c. 

hole mobility evaluated from the impedance spectroscopy measurements, prior to and after 

calibrating the Vbi. Once again, as with the time-resolved ToF measurements, it is evident that 

the introduction of β-phase systematically reduces µh, but in the steady-state operation by a 

much lower factor (~3) than for the ToF mobility measurements. Note that this discrepancy 

between +/− β µh levels is fully compatible with the relative current density levels of the J–V 

response in the high forward-bias regime (as in Fig. 4.19(a)). 

 

Figure 4.30: Vbi-corrected field-dependent d.c. hole mobility for (a) glassy and (b) β-embedded 135-nm HMW 

PFO hole-only devices. The figure also retains d.c. μh data prior to built-in voltage correction (the lower 

mobility sets in both subfigures (a) and (b)). 
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Another point to note is that the d.c. µh values estimated from impedance spectroscopy in the 

β-embedded hole-only case, as shown in Fig. 4.23(b), agree well with a prior study by Nicolai 

et al. [67], which reports zero-field µh ~1.3 × 10−5 cm2 V−1 s−1 following steady-state SCLC 

analysis of room-temperature spin-coated PFO layers. We expect layers prepared in such 

conditions to inevitably contain β-phase segments, and have provided reasoning for this in 

Sections 4.5.2, 4.6.1 and 3.3.3. 

Figure 4.24 summarises, for glassy and β-embedded HMW PFO active layers, their respective 

experimental hole mobility sets evaluated from both time-resolved ToF photocurrent method 

and frequency-resolved −Im[Z]–f technique. The magnitudes of the steady-state µh for both +/− 

β hole-only samples are significantly lower than their respective µh counterparts determined by 

ToF. However, the apparent discrepancy between µh levels is considerably greater for glassy 

layers (>two orders of magnitude) compared to β-embedded layers (~one order of magnitude). 

 

Figure 4.31: Poole-Frenkel form (µh versus E1/2) summary of the experimental field-dependent hole mobility 

sets extracted using both time- and frequency-resolved probes: glassy µh by ToF (), glassy µh from hole-

only devices (), β-embedded µh by ToF (▲) and β-embedded µh from hole-only devices (▼). 

In the forthcoming Section 4.8, we probe the density of hole states in glassy PFO either in the 

presence or absence of β-phase (i.e., as we reiterate, the +/− β cases). 



 

103 

1.22 DETERMINATION AND VALIDATION OF THE HOLE DOS 

PROFILES FOR GLASSY PFO +/− BETA-PHASE 

With the aim of rationalising the seemingly inconsistent experimental hole transport 

phenomena presented in Sections 4.6 and 4.7, we proceed further by striving to obtain insights 

into the distributions of sub-bandgap hole states for glassy PFO layer with either exclusion or 

inclusion of the minority β-phase conformational heterogeneity. We reiterate that, in general, 

a critical element toward comprehending the device response due to electronic transport is to 

relate chemical and physical structures to the density of states (DoS) profiles of the molecular 

semiconducting medium. 

In order to determine the density of hole states in PFO, we first use ToF transients where the 

dynamic range is vastly extended to enable access to localised states several tenths of an 

electron volt (eV) above61 the HOMO transport level. The reader is referred to Section 4.4.6 

for experimental practices in acquiring such high-dynamic-range (HDR) photocurrent 

transients. In Section 2.4, Chapter 2, we have prepared theoretical grounds of how sub-bandgap 

DoS can be estimated from HDR photocurrent transients, provided that electric field is 

sufficiently high such that carrier retrapping events are minimised—this in turn prevents 

distortion of mapped DoS caused by any significant redistribution of carriers in deep states. 

4.22.1 HDR ToF Photocurrent Analysis for Sub-Bandgap States Mapping 

Figure 4.25 shows dual-log plots of HDR ToF hole transients obtained for both +/− β devices 

under a set of experimental conditions. Overall, it is clear that such HDR photocurrent 

measurement affords the preservation of both the fast features (in sub-100ns region) and the 

fidelity of low-level signal at longer times. 

                                                 
61 With respect to electron energy. 
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Figure 4.32: High-dynamic-range time-of-flight photocurrent transients collected under different experimental 

conditions, which include microstructural control of the 1.8-µm-thick PFO photoconductive layers (i.e. being 

either fully glassy or β-embedded), applied bias and temperature. See figure legend for details. Equation 2.6, 

which relates time to energy for post-transit DoS mapping is also included in the figure. 

Concerning the group of glassy PFO transients: 

• If we compare 296 K traces biased at 10 (sky blue) and 25 V (olive), a first point to note is 

that the carrier transit time, ttr, has been ‘squeezed’ further into the sub-10−7 s regime (at ~60 

ns) by increasing the bias voltage from 10 to 25 V. Second, the two HDR traces exhibit a 

common shape in their post-transit regime. This suggests minimal carrier redistribution at 

either chosen bias voltage, and hence a 10-volt bias will be large enough to reject distortion 

of the extracted DoS shape. On a side note, since the ToF method probes unipolar transport, 

carrier recombination within the interval of interest, where DoS mapping is concerned, is 

negligible. 

• We further inspect traces collected under a controlled external bias of 10 V, however 

differing by temperatures, at 296 (sky blue) and 280 K ((a ‘colder’) royal blue). Upon 

lowering the measurement temperature, it is evident that (i) the temporal position of ttr gets 

delayed as carrier transport slows down; (ii) so do the inflection features in the post-transit 

regime—these are clearly marked by dashed lines with a coherent colour coding as the 

respective traces. The trap-depth-dependent delay intervals are represented by the grey 

arrows;62 (iii) despite this systematic temporal shift, comparison of the two traces suggests 

                                                 
62 Due to the thermally-activated behaviour following 

B 0

*( ) ln( )k TE tt = (Eqn. 2.6). 
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a near independence of post-transit regime shape against variation of temperatures, within 

the range of which no microscopic phase transition is expected to occur for PFO, and hence 

no changes in the DoS distribution;63 and (iv) the low-level (i.e. approximately sub-nA) 

photocurrent at 280 K suffers from an elevated noise floor owing to the use of a cryogenic 

setup that unavoidably employs lengthy miniature coaxial cables for electrical signalling. 

Taking also into account the high-bias 290 K β-embedded PFO transients (red), a common 

post-transit tail slope beyond ca. 10−4 s is found to be shared among all HDR i(t) pieces. 

Fixing the sub-bandgap DoS energy scale by estimating the attempt-to-escape rate 

To convert i(t) to DoS with an energy scale determined relative to the transport level, it is 

essential to provide a value for ν0 (Eqn. 2.6), which we refer to as the attempt-to-escape 

frequency of carriers. Note that the choice of this rate only shifts the absolute position of the 

DoS on the energy scale, rather than affecting the relative position or shape.64 We estimate ν0 

as ~1011 Hz from temperature-dependent HDR ToF measurements, such that inflection points 

in the mapped DoS obtained at different temperatures lay on top of each other when plotted 

against energy.65 This translates the timespan of our HDR transients to a sub-bandgap depth of 

>0.5 eV. 

Figure 4.26 plots the sub-bandgap DoS extracted from +/− β ToF devices via post-transit 

analysis for all i(t) presented in Fig. 4.25. It is worth emphasising that such DoS mapping 

approach only holds valid in the post-transit regime, where i(t) is governed by the rate of 

thermal release of carriers from localised states in the gap. Consequently, for each i(t) to DoS 

conversion in Fig. 4.26, section prior to, and immediately after the respective transit time is 

distinguished by a dashed line. 

                                                 
63 As we have performed measurements other than at room temperature in cryogenic conditions instead of heating 

the material toward Tg (~53 °C; see Fig. 4.5). 

64 In other words, there will be no effect of stretch or contraction of the mapped DoS. 

65
 In Section 4.11.2 we provide an alternative approach to evaluating ν0 using asymptotic fitting of β-embedded 

ToF carrier ‘transit time’ versus field strength. 
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Figure 4.33: Extraction of sub-bandgap hole DoS profiles from the set of HDR hole transients (shown in Fig. 

4.25), following ToF post-transit analysis (Eqns. 2.6 and 2.9). The common DoS inflection features marked 

by dashed lines in Fig. 4.25 are now indicated by the grey dotted lines. It is evident that the slope of the 

glassy DoS hardly changes as a function of chosen voltage or temperature—this supports the idea that we 

have collected a faithful representation of the DoS. 

Comparing the extracted DoS for glassy and β-embedded samples in Fig. 4.26 we can remark 

that whilst both variants show a similar, approximately exponential tail of states at high depth 

(> ca. 0.42 eV), the β-embedded sample alone exhibits an additional sharp feature at ~0.3 eV 

above the HOMO transport level. An exponential tail of deep states, where the DoS, g(E), 

varies according to g(E) ∝ exp(E/Ech), has been inferred from various attempts to measure the 

DoS of a conjugated polymer [68–71] and is consistent with a conformationally disordered and 

entangled polymer [72]. The common characteristic energy observed here (Ech ~75±5 meV) is 

similar to values reported for other conjugated polymers. The extra sharp peak/cliff that is 

visible only in the case of the β-embedded sample, suggests the presence of an additional well-

defined conformational defect state. 

Furthermore, the temperature independence of the mapped DoS confirms that no thermally-

induced solid-state phase transition has taken place within the sample. The set of transients can 

thus be regarded a realistic reflection of the DoS and supports the argument that we are working 

in a regime where Eqn. 2.9 is valid.66 

                                                 

66 We repeat Eqn. 2.9 here for easier reference: *

B

( )
( )

i t t
g E

qf k T
=
V

. 
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4.22.2 Mapping the Density of States Using Energy-Resolved Electrochemical Impedance 

Spectroscopy 

Although performing HDR ToF i(t) measurement and subsequent post-transit analysis works 

effectively for DoS mapping, applying the method alone is not yet conclusive enough in 

pinpointing β-phase depth in the energy scale, since (i) the temporal position of β-related 

knee/cliff in ToF transients bears a slight voltage-bias dependence, owing primarily to the 

Poole-Frenkel effect;67 and (ii) the ToF post-transit analysis can only access the energetically 

‘deeper’ half of the β DoS profile. In order to experimentally obtain a better estimate of the 

trap profile due to β-phase, and validate our numerical β-phase feature fixed via fitting 

process,68 we turn to ER-EIS method to gain complementary insights into the relationship 

between molecular chain conformations and the HOMO sub-bandgap DoS in PFO. The ER-

EIS measurements were conducted by Dr. Vojtech Nádaždy at the Slovak Academy of 

Sciences in Bratislava, with the fabrication of samples carried out by us at Imperial College. 

See Section 3.5.7 for ER-EIS experimental methods. 

 

Figure 4.34: Representative glassy (––) and β-embedded (–☻–) PFO HOMO branches mapped by ER-

EIS technique. A ~0.3 eV offset is found between the ‘main lobe’ (peaking at ca. −6.4 eV; owing to the 

inhomogeneously-broadened glassy phase) and the energetically distinct satellite peak (owing to the 

planarised β-phase). 

Representative ER-EIS spectra of the HOMO branches of +/− β PFO thin films are shown in 

Fig. 4.27. The energy scale was translated from the applied bias voltage to eV using the energy 

                                                 
67 For detailed reasoning see Section 4.10. 

68 Relevant details arrive in the next Section 4.9. 
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offset −4.66 eV of the Ag/AgCl reference electrode versus vacuum level. Note that this 

calibration yields HOMO values slightly deeper than those measured for the same polymer 

using photoelectron spectroscopic techniques [73,74]. The measured charge transfer resistance, 

Rct, was calibrated to the DoS scale by assuming the maximum of the HOMO branch is in the 

order of 1021−1022 cm−3 eV−1 (in line with the consensus, e.g. Refs. [75–78]). From the spectra 

we are able to recognise, for both sample variants, a broad peak in the DoS at ca. −6.4 eV and 

an additional feature (peak or shoulder) located approximately 0.3 eV below that DoS 

maximum. This band of states is apparently enhanced for thin films with intentionally 

introduced β-phase which indicates its origin could be related to the presence of β-phase. If so, 

then the ‘glassy’ sample in this experiment should also contain a trace amount of β-phase but 

this could reasonably be a consequence of prolonged sample storage and transport prior to 

measurements. The ‘floor-level’ density of states deep in the bandgap is estimated as 1016–1017 

cm−3 eV−1, which is in good agreement with the sub-bandgap density of states reported by e.g. 

Renaud et al. [79] on a polyfluorene-family material, xxx et al. [xx], and xxx et al. [xx]. 

To summarise the present Section, we have demonstrated how the complementary utility of 

HDR ToF photocurrent spectroscopy and ER-EIS allows the sub-bandgap DoS of +/− β PFO 

to be faithfully extracted. Together, the two methods deliver a consistent picture of the DoS 

due to the β-phase content, namely, a sharp feature lying ~0.3 eV above the highest occupied 

molecular orbital (HOMO) of glassy phase PFO. A common mono-exponential slope (Ech ~75 

meV) approximating the deep tail states is also identified. These findings provide us with 

important guidelines for putting forward numerical DoS proposals in Section 4.10 for drift-

diffusion simulation. A subsection dedicated to the comparison between +/− β numerical DoS 

and ER-EIS DoS mapping results is incorporated in Section 4.11.2. 

1.23 1-D TIGHT-BINDING SIMULATION OF OLIGOFLUORENES 

We have experimentally observed that introducing β-phase into glassy PFO layers leads to (i) 

a reduction in hole mobility, to varying extent for different measurements, and (ii) a prominent 

feature in the hole DoS indicated via both HDR transient photocurrent and electrochemical 

impedance spectroscopies. We now set out to theoretically investigate the effect of β-phase by 

first modelling its impact on the hole DoS (Section 4.9) and then simulating the device response 
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in different conditions on hole transport, with respect to the change in the DoS profiles (Section 

4.10). 

In -conjugated polymers, the extension and stabilisation of the electronic states are strongly 

coupled to the dihedral angle (aka torsion angle), θ, between planes of neighbouring monomers. 

In PFO, as with all other polymers featuring a phenyl–phenyl linkage between monomers, the 

ground-state backbone conformation is non-planar69 due to steric hindrance hence the intra-

chain inter-monomer electronic coupling is not maximised. As for the β-phase conformation, 

a number of consecutive fluorene monomers lie in a co-planar zigzag configuration (θ = 180°). 

Although such low-entropy geometry is metastable in the solid state, this planarised backbone 

conformation stabilises the energies of charge carriers in the chain segment. 

By means of an intermediate-level quantum chemical approach, namely a one-dimensional (1-

D) tight-binding (TB) model, group members Dr. Jarvist M. Frost and Prof. Jenny Nelson 

simulated, using a 100-mer oligofluorene, the effect of such conformational features on the 

electronic structure of the HOMO as follows. First they estimated the intra-molecular electronic 

coupling J0 between the HOMOs of consecutive, maximally-coupled monomers to be J0 = 0.6 

eV. Note that the intra-molecular electronic coupling term J for PFO varies with torsion angle 

in a ‘classic’ J = J0 |cos | manner, as being also pointed out by Ref. [80]. They therefore set 

up a TB Hamiltonian for the 100-mer chain with non-zero off-diagonal elements representing 

the hole coupling J between each pair of adjacent monomers. For elements in the ground-state 

conformation these have the value J = J0 |cosθ0|, where θ0 is the equilibrium inter-monomer 

torsion of 45°. The diagonal elements represent the monomer site energies, E, as seen by a hole 

and are identical at E0 for a chain of identical monomers. To represent a degree of energetic 

and conformational disorder, E and θ can be distributed by randomising the values around the 

equilibrium values using a Gaussian distribution of given width. This randomisation did not 

change the main results and so it is not included here. The β-phase segments are modelled as 

sequences with uniform site energy, also at E0, and a maximum J = J0 that corresponds to θ = 

180°. 

Figure 4.28(a) shows that for this perfectly ordered one-dimensional system a DoS function is 

obtained showing the classic one-dimensional form centred at the monomer HOMO energy of 

5.85 eV and of width approaching four times the inter-monomer coupling. Figure 4.28(b) 

                                                 
69 With θ ≈ ±45° or ±135° corresponding to the torsional potential energy surface minima. 
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shows that when the planarised segment is introduced, the lowest eigenvalues are localised in 

the planarised segment and the DoS develops isolated states of energy set well outside the range 

for the ordered system. The lowest energy states will act as hole traps, of depth, for the 

parameters used, of 200–300 meV below the lowest state of the β-phase-free system. Notice 

that this localisation is achieved without any variation in the site energy along the system. The 

DoS of the ordered system is shown on the same axes (in blue) for comparison. The modelled 

depth compares well with the position of the β-phase feature introduced into the experimental 

DoS and confirms that the β-phase segments will act as intra-chain trap states for holes. The 

stabilisation of the hole energy in the β-phase segment is a direct result of the increased 

electronic coupling within the planarised segment and of the segment length. Besides, density 

functional theory calculations of the hole energy indicate that planarisation could stabilise the 

HOMO of a fluorene octamer by around 150 meV relative to that of the glassy conformer [47]. 

This is a lower limit as longer segments will be more strongly stabilised and is consistent with 

the tight-binding results. 

 

Figure 4.35: Results from 1-D TB calculations for cases of (a) a 100-mer with no disorder in energy or torsion 

angle and containing no β-phase, and (b) the same as (a) but containing a segment of ten monomers where 

the intermonomer coupling is set to J0 to represent a β-phase segment. Each subset plots the following 

quantities in the panels shown: probability density (i.e. ||2 for the lowest five eigenfunctions ); value of the 

monomer site energy (HOMO); and value of the hole coupling to the next monomer (J) all as function of 

monomer index. The bottom panel in each panel shows the DoS obtained by summing over all eigenvalues. 

A closely relevant study on the electronic structure calculation was produced by the same 

method as a model of the DoS of poly(3-hexylthiophene) (P3HT) [72], where the ground-state 

intermonomer hole coupling is close to the maximum. This study showed that torsional 

disorder has little effect on the DoS of such as system since it cannot introduce significantly 

deeper states than would already be present in the ordered ground state. 
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1.24 NUMERICAL SIMULATION USING A TIME- AND ENERGY-

RESOLVED DEVICE MODEL 

As we are en route to the harmonisation of our PFO hole transport behaviour collected using 

(HDR) ToF photocurrent and other probes based on single-carrier devices, a further 

intermediate milestone is to introduce numerical profiles of the +/− β-phase DoS and reproduce 

the experimental device response. 

4.24.1 Drift-Diffusion Modelling Strategy and Calibration of Device Parameters 

Based on the aforementioned experimentally-obtained DoS guidelines, we use a more accurate 

way to infer +/− β sub-bandgap distributions: it is achieved using a Shockley-Read-Hall based 

drift-diffusion model that is resolved in charge-carrier energy, to generate transients and 

steady-state J–Vs, thus to allow comparison with experimental ones and then vary the input 

DoS function to obtain a good match between modelling and experiment. 

We emphasise our preference for simplicity and clarity over perfect fits in the undertaken 

modelling work. To this end, the DoS profiles we propose for +/− β devices are somewhat 

simplified ‘pictures’ compared to realistic cases. Nevertheless, they capture essential features 

in the respective +/− β DoS and thus are regarded representative. 

The model DoS we propose consists of three main features: a Gaussian lobe centring at the 

hole transport level or band edge, a mono-exponential tail extending into the bandgap, and in 

the case of the β-embedded film, a narrow Gaussian locating at an energy within the bandgap. 

In accord with our above-presented experimental findings, the DoS of the glassy phase PFO is 

modelled as a main Gaussian lobe plus a mono-exponential tail in the deep sub-bandgap regime. 

We note that a handful of previous works bear similar pictures of such ‘composite’ DoS 

structure [68,76–78,81–83]. The main lobe may arise physically from ‘long range interaction 

of charge carriers with randomly located dipoles and quadrupoles which easily produces a 

Gaussian DoS because the contribution from many sources naturally implies applicability of 

the central limit theorem’ [71]. 

In the following paragraphs, we discuss the values of the parameters that are needed to simulate 

the transport data. Although there is a relatively broad parameter space, the really significant 

parameters for the study herein are those that concern the density of states below the hole 
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transport level. Most of other parameters are more or less fixed by the known material 

properties and experimental practices, or are not relevant. Such irrelevant parameters include 

the electron DoS related quantities, since both ToF and hole-only devices in our case probe 

merely unipolar hole transport. Our strategy for choosing electron/LUMO related parameters 

is therefore to ‘keep it simple and quick’ (for electrons to exit the active layer) whilst yet ensure 

the numerical stability. 

Given that glassy PFO layer is of homogenously (in-plane) amorphous form, we chose to use 

the GDM-estimated σglassy value as an initial trial value (taken to be 75 meV, see Section 4.6.2) 

for the glassy DoS main Gaussian part, on top of which a mono-exponential tail of Ech = 75 

meV accounting for the deep sub-bandgap regime is superimposed. Note that this identical 75 

meV value for both DoS components is simply a coincidence. Concerning the DoS inputs, for 

numerical purposes we constrain the sub-bandgap space to 0.8 eV (i.e. the common mono-

exponential tail gets clamped at 0.8 eV into the gap), which gets discretised into 50 ‘slabs’. 

Note that Fig. 4.29 displays DoS input only up to 0.55 eV into the gap since this is how deep 

we managed to probe experimentally by fixing our attempt-to-escape rate ν0 (Sections 4.8.1 

and 4.11.2). The choice of 0.8 eV in our simulation is helpful when it comes to carrier occupied 

density of states (ODoS) presentations (as in Figs. 4.33 and 4.34(a)). 

A common Ech ~75 meV is adopted for both +&− β-phase scenarios, estimated from the ToF 

transient slope at long time which is equivalent for both sample variants. The common deep-

level DoS feature in both glassy and β-embedded samples could be due to unintentional 

degradation from oxygen or humidity (as the films were cast in ambient clean air condition; 

see also Fig. 25 in Ref. [75]), or plausibly from electrostatic/polarisation interactions giving 

rise to the common deep tail slope, or from similar conformational disorder in the dominant 

(amorphous) parts of the film [72]. 

Furthermore, the high-temperature-limit zero-field hole mobility μh0,T→∞ (~0.6 cm2 V−1 s−1) 

estimated from GDM analysis of glassy samples is assigned as the band mobility μh,free. We are 

able to justify the validity of using this value as an initial trial input due to its compatibility 

with the experimental estimate on the intra-chain mobility for isolated and coiled PFO chain in 

dilute solution, which is on the order of ~1 cm2 V−1 s−1 [35]. 

Then we consider a sub-bandgap narrow Gaussian feature accounting for the β-phase. As for 

the β-embedded case, we reiterate the compositional treatment of the DoS, since such 

conformational orderings constitute only minority volume fractions within the PFO active layer. 
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Therefore, the numerical DoS model for β-embedded samples could be approximated as the 

superposition of the glassy profile with a distinct sub-bandgap feature representing β-phase 

(~0.3 eV relative to HOMO band edge as the starting point for numerical fitting, guided by 

experimental DoS mapping studies). The superimposed β-phase feature is represented by a 

narrow Gaussian, which is supported by both optical spectroscopic measurements (Section 

4.5.2) and quantum chemical calculations (Section 4.9). 

In our model, after a (relatively coarse) 70  iterative tuning process in order to allow both 

simulated ToF and J–V response to reasonably well fit with experimental counter parts (vide 

infra), the numerical β-phase profile is placed at 0.27 eV relative to the hole transport level, 

with a standard deviation σβ of 45 meV and a 5 × 1020 cm−3 eV−1 peak height, as shown in Fig. 

4.29. 

 

Figure 4.36: Numerical density-of-states (DoS) inputs proposed for hole transport simulation of +/− β devices. 

This set of model DoS is a simplified picture of realistic distributions however nonetheless captures the key 

features. As an approximation, a direct superposition strategy for constructing the β-embedded DoS is 

applied. The stepwise DoS envelopes signify how the model expresses DoS profiles as discretised functions 

for numerical solutions. The inset plots its linear-scale equivalent, visually evidencing the β-phase landscape 

as a small perturbation to the overall DoS. 

We detail the constraints/guidelines to respect during the numerical modelling process to 

reproduce device response, as follows. 

                                                 
70 As we were not after for any perfect fit—that would be too good to be true given the assumptions and 

approximations we have taken. 
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Electrical bandgap Eg of PFO is fixed at 3.2 eV. No doping is assumed in the material hence 

the active layer is considered intrinsic. Mobility edge is approximated at the peak position of 

Gaussian ‘main lobe’.71 Contact energy levels are set by the concentration of majority carriers 

at the interfaces (requiring Eg, Nv and Nc, thus reversely deducing ‘ΔE’ of contact levels relative 

to the bands via Boltzmann approximation). For common deep tail states Ech ~75 meV. Main 

Gaussian feature breadth σglassy ~75 meV, μh,free ~0.6 cm2 V−1 s−1. β-phase depth to start with 

simulation ~0.3 eV relative to the HOMO mobility edge, with its height at ~a tenth of Gaussian 

‘main lobe’ peak (inferred from the ratio of the intensities of glassy to β-phase S0→S1 0-0 

transition peaks in the UV-Vis absorption spectrum, as well as the extinction coefficient κ 

profile from VASE method (Figs. 4.6(a) and 4.8). We have neglected the minor difference in 

oscillator strength, fosc, of glassy and β conformations ~1:1.08 [84]). Moreover, there is some 

degree of ‘reverse engineering’ on the values of σh and Nv, based on estimate of attempt-to-

escape rate (we note ν0 = υth σh NV ≈ 1011 Hz, where υth is the thermal velocity (fixed to 105 m 

s−1 [68,85] in the model),72 σh the hole capture cross section, and Nv the valence band effective 

density of states of free holes). Finally, there was a slight (but unavoidable) iteration procedure 

of parameter adjustments to make both transient and steady-state simulation look fit: the values 

of the parameters were verified by a series of sensitivity tests in fitting both the transient and 

the steady-state response. Initial trial values were used, for instance, for σh, Nv, σβ, and the 

relative magnitude of β narrow Gaussian peak to the main lobe (as others are pretty much all 

fixed!). These parameters are then tuned slightly around their trial values, to improve the 

quality of the fits to experimental data, both in transient and in steady state. All simulations 

have been performed at 295 K. 

We summarise the device parameter space in Tables 4.2 (for global device variables shared 

between ToF and hole-only device simulation), 4.3 (for ToF photocurrent simulation) and 4.4 

(for hole-only J–V simulation). 

  

                                                 
71 In a strict sense, the transport energy or the mobility edge is not precisely defined and would be a function of 

temperature [52,70]. Nevertheless, since mobility changes sufficiently rapidly with energy, a model featuring a 

single transport energy is often an adequate description, except possibly at low temperatures. Besides, from our 

model only simulation at 295 K were performed. 

72 Owing to the disordered nature of the semiconducting materials concerned in this work, an effective mass value, 

m*, that determines the average thermal velocity of carriers (vth) is poorly defined. However, vth is numerically 

required for relating carrier cross sections to capture/release rates. We have adopted vth of c-Si at 295 K in our 

simulation, given that such compromise appears to be a reasonable practice in the community. 
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Table 4.2: Global device variables for PFO ToF photocurrent and hole-only J–V simulation. Light-green-

shaded cells concern HOMO and holes, light-pink-shaded accommodate LUMO and electrons, and clear 

cells dedicate to parameters that are ‘neutral’. (The overall colour coding of the table expresses the author’s 

hat tip to group members Italiani Dr. Davide Moia and Dr. Andrew Telford.) 

Symbol Parameter description Value 

glassy

HOMON  
Density of hole traps at the HOMO mobility edge, due to 

the glassy Gaussian component 
1028 m−3 eV−1 

glassy

HOMO  
Disorder breadth (standard deviation) of the glassy 

Gaussian component 
75 meV 

HOMOE  β-phase depth relative to the HOMO mobility edge 0.27 eV 

HOMON   Density of hole traps at the β-phase peak  5 × 1026 m−3 eV−1 

HOMO

  Disorder breadth (standard deviation) of the β-phase 45 meV 

exp

HOMON  
Density of hole traps at the HOMO mobility edge due to the 

common exponential tail 
5 × 1026 m−3 eV−1 

HOMO

chE  HOMO exponential tail characteristic energy 75 meV 

HOMO

h  
HOMO hole capture cross section (free hole–trapped hole; 

carrier trapping) 
6 × 10−21 m2 

HOMO

e  
HOMO electron capture cross section (free electron–

trapped hole; SRH annihilation) 
10−22 m2 

h,free  Free hole mobility 6 × 10−5 m2 V−1 s−1 

vN  Effective density of states for free holes 4 × 1027 m−3 

e

LUMOE
  LUMO mobility edge, relative to vacuum level −2.6 eV 

gE  Electrical bandgap 3.2 eV 

N/A Numerical sub-bandgap space 0.8 eV 

N/A Number of discretised trap intervals 80 

N/A Mesh points along the 1-D device space 50 

r  Relative permittivity of medium 3 

B
th *

3
( )

k T
v

m
=  Thermal velocity for carriers 105 m s−1 [85,86] 

T  Device temperature 295 K 
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exp

LUMON  
Density of electron traps at the LUMO mobility edge, due 

to the exponential tail 
1026 m−3 eV−1 

LUMO

chE  LUMO exponential tail characteristic energy 40 meV 

LUMO

e  
LUMO electron capture cross section (free electron–trapped 

electron; carrier trapping) 
10−22 m2 

LUMO

h  
LUMO hole capture cross section (free hole–trapped 

electron; SRH annihilation) 
10−22 m2 

e,free  Free electron mobility 10−2 m2 V−1 s−1 

cN  Effective density of states for free electrons 5 × 1026 m−3 

Table 4.3: Device parameters for PFO ToF photocurrent simulation. 

Symbol Parameter description Value 

leftp  Hole density at the (left) majority p-contact 108 m−3 

rightn  Electron density at the (right) majority n-contact 102 m−3 

sR  Series resistance of device 50 Ω 

pR  Shunt resistance of device (blocked contact injection) 1011 Ω  

d  Active layer thickness (from profilometry measurements) 1.8 × 10−6 m 

  Absorption coefficient (at λex = 355 nm) 1.35 × 107 m−1 

dt  Numerical time increment 10−9 s 

N/A Laser pulse duration 5 × 10−9 s 

N/A dt multiplier 1.1 

 

Table 4.4: Device parameters for PFO hole-only J–V simulation. 

Symbol Parameter description Value 

leftp  Hole density at the (left) majority p-contact 3 × 1027 m−3 

rightn  Electron density at the (right) majority n-contact 5 × 10−11 m−3 
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sR  Series resistance of device (inferred from IS measurements) 50 Ω 

pR  Shunt resistance of device (from low-bias region of J–V) 109 Ω  

d  Active layer thickness (from profilometry measurements) 1.35 × 10−7 m 

dV  Numerical voltage increment 10−2 V 

 

4.24.2 Numerically Modelled Charge Transport Response 

HDR photocurrent transients 

Figure 4.30 compares simulated (dashed lines) and experimental (solid lines) +/− β PFO HDR 

ToF transients. The numerically modelled response generally very well reproduced their 

corresponding experimental counterparts in terms of (i) the overall transient shapes which 

include both pre- and post-transit slopes, and (ii) ‘transit’ times. Slight deviations can be 

recognised regarding the subtle post-transit curvatures between the glassy traces and the 

magnitude of the post-transit long tail in the β-embedded case. Nevertheless, given the practical 

and non-extensive modelling approach and spirit73 we have had adapted, we consider our 

numerical simulation results sound and classy. 

 

Figure 4.37: Simulated +/− β PFO HDR ToF transients (dashed lines). Room-temperature experimental 

counterparts replotted here for easier comparison (solid lines). See figure legend for details. 

                                                 
73 That is, just to capture the essence, and that often ‘less is more’. 
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We highlight that β-phase constitutes only a small perturbation to the DoS yet still causing 

radical differences to probed transport behaviour, especially for ToF transients. Note also the 

reproduced decaying transient slope at long times validates our extraction and assignment of 

~75 meV exponential tail. 

Current density–voltage characteristics of hole-only devices 

A really fascinating facet of our numerical modelling approach is that we were not simply just 

after for the reasonably good fits to only one type of experimental observations. Further to the 

transient photocurrent simulation, we also devote our efforts on applying a same set of 

parameters describing the active layers (incl. the model +/− β DoS) to reproduce steady-state 

J–V response from hole-only devices, in the meanwhile by only switching the simulation mode 

(from t-varying into steady state), and changing PFO layer thickness and contact conditions to 

match experimental scenarios. The relevant parameters can be referred from Tables 4.3 and 

4.4. 

Specifically, with regard to the numerical treatment of asymmetrical hole-only interfaces: as 

stated in the relevant experimental Sections (3.3.3 and 4.7.1), MoOx/Au top contact is treated 

as Ohmic to the PFO HOMO level, whereas the PEDOT:PSS/ITO side is associated with a 

significant injection barrier. The experimentally derived Vbi is ~0.47 V (see Section 4.7.2). 

Therefore, in the model we set the densities of majority carriers at contacts to emulate such 

device conditions, via Boltzmann approximation which determines the respective Fermi levels 

at contacts and hence, energy offsets relative to HOMO and LUMO levels. Moreover, using 

the law of mass action (a prerequisite: under thermal equilibrium) we could numerically 

determine also the densities of minority carriers at both interfaces. We fix such contact 

conditions (e.g. carrier densities) for solving the device response, as this way, injection 

mechanisms and barriers are implicitly accounted for. 

A direct comparison between experimental (left panel) and simulated (right panel) J–V 

response of 135-nm (quoting only active layers) +/− β PFO asymmetrical hole-only devices is 

provided by Fig. 4.31. 
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Figure 4.38: J−V response of asymmetrical +/− β PFO H-O devices featuring 135-nm active layers: (a) 

Experimental, as in Fig. 4.19(a), repeated here for ease of comparison with (b) The numerically simulated 

counterparts. 

Figure 4.31 sufficiently speaks for itself in terms of the agreement between the probed and 

modelled equilibrium hole transport characteristics. Here we highlight only the ~2–3 times 

difference between +/− β forward-bias current density levels at the high-bias regime. 

1.25 RECONCILIATION OF HOLE TRANSPORT IN PFO 

We prepare, based on literature survey, Fig. 4.32 below to illustrate the mass span of hole 

mobility in PFO and to underlie the significant roles of both intra- and inter-chain processes in 

bulk-mode transport. We use this figure as an opener to the present Section, which is dedicated 

to the reconciliation of hole transport phenomena in PFO. 
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Figure 4.39: Large span of μh values in PFO due to variation of experimental probes and device processing. 

FET stands for field-effect transistor characterisation, SCLC refers to steady-state hole-only J–V 

measurement, t-EL is short for transient electroluminescence method, which is sometimes abbreviated 

otherwise as ELT. For respective reference of each scatter point see surrounding texts. 

Regarding scatter points in Fig. 4.32 — ToF: from Refs. [4,14,33,47] and data from this study; 

FET: Refs. [87,88] though Foster’s results indicate ~10-2 cm2 V−1 s−1 [47] by using MoOx 

interlayer for source-drain electrodes. We postulate that this might to do with the S/D contact 

choice of Au (thus forming sub-optimal injecting contacts to HOMO level of PFO); Steady-

state SCLC: Refs. [9,67]; t-EL: Refs. [89–91]. 

We further note that the FET mobility value in Ref. [47] for PFO (albeit excluded in Fig. 4.32) 

is not fully consistent with the previous study of Yasuda et al. [87]. In that study, a maximum 

FET mobility of 6 × 10−3 cm2 V−1 s−1 was measured from an aligned nematic sample of PFO, 

but the corresponding mobility in a mainly glassy-amorphous sample (as in our experiments) 

was much lower, at around 3.3 × 10−4 cm2 V−1 s−1. While the origin of this difference cannot 

be conclusively explained, it is possible that the lower mobility found in glassy-amorphous 

samples results from small variations in the large injection barrier from the Au electrodes used 

by Yasuda et al., which at 0.7–0.8 V is expected to be non-Ohmic, as suggested by the slightly 

non-linear output characteristics, and may lead to an underestimation of the mobility. Slightly 

non-linear output characteristics were observed to a lesser extent in some, but not all, of 

samples in Ref. [47], and the same reasoning applies to those few samples. Nonetheless, such 

measurements perform by Foster et al. clearly demonstrate a coherent set of mobility values as 
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high as approximately 10−2 cm2 V−1 s−1 across room-temperature spin-coated FETs made from 

polyfluorene family polymers. 

Based on Fig. 4.32, we reverberate with the work from Noriega et al. [92], which addresses the 

deviation in μchain (intra-chain) and μhop (inter-chain), two processes that coexist in the carrier 

transport process though the bulk. We further hint that inter-chain coupling is the strong 

limiting factor for charge transport within the bulk active layer, as a result of comparing the 

carrier mobility of various techniques on films with TRMC values reflecting μchain along 

isolated single chains [34–36]. 

4.25.1 Time-Resolved versus Steady-State Transport 

In the previous section we have presented our modelling results obtained by using a controlled 

set of DoS and effective-medium parameters inferred from / are consistent with experimental 

probes. Here we provide detailed elaboration on ‘sliced’ 0-D carrier profiles, and propose 

alternative explanation in retrospect to prior publications in Section 4.11.2. 

First, we recall the apparently different effects of β-phase on transient and steady-state hole 

mobility reported earlier in this Chapter. The model, when applied to steady-state and transient 

situations, allows us to first reproduce the experimental behaviour and then to interrogate it, 

by inspecting the energetic distribution of holes at different stages in transport compared with 

the steady state. Figure 4.33 shows how the portion of density of states occupied by majority 

charge carriers (ODoS) evolves with time, in the presence and absence of β-phase. The 0-D 

slice was chosen at 5:50 of the full 1-D mesh scale, that is, in close proximity to the front 

electrode. Figure 4.33(b) clearly shows how the transient develops a knee-like feature at the 

characteristic time for charge release from the β-phase feature, while the glassy sample 

modelled in Fig. 4.33(a) shows no such feature. This immediately explains why the β-

embedded sample appeared to be less dispersive: the sharp transient was a result not of 

synchronous charge transit but of synchronous charge release from a defect state. 
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Figure 4.40: Temporal evolution of ODoS in the ToF scenarios: (a) full glassy state and (b) β-embedded 

cases. In both subplots, the chosen temporal instants scale evenly once expressed in a logarithmic manner 

(recalling Eqn. 2.6 here). In the inset of subfigure (b), those multicoloured vertical lines adapt the same colour 

coding as the temporal evolution traces of ODoS in the main figures and hence represent the same respective 

instants. This grants us the capability of inspecting the time-lapse of ODoS along with the that of the 

photocurrent. Carrier redistribution is minimal in both cases once entered the post-transit regime. 

We stress the assumption for multiple-trapping model to be valid in considering detrapping 

phenomenon: 1

0t  −  (we note that 1

0t  −  corresponds to the moment right after the very 

first trapping events due to photoexcitation, which would determine the initial ODoS 

profile) [93]. Therefore, all temporal traces in Fig. 4.33 eligibly fall into the category. Carrier 

redistribution, on the other hand, is minimal in both cases once entered the post-transit regime. 

Concerning the hole-only device scenario, Fig. 4.34 compares the occupied DoS under steady-

state operation (a) (at a bias voltage of 2 V), the trapped (b) and free (c) hole densities, and the 

electric field profiles (d) across the two types of hole-only device in steady-state operation. In 

(b), (c) and (d), changes of respective quantities due to applied bias are also presented. Among 

these four subplots a consistent colour scheme is adapted: warm colours are for β-embedded 

device; blue-tone colours are for glassy device. 

We highlight the drastically different levels (>ca. four orders of magnitude) of ODoS when 

comparing ToF and steady-state operations. Again, this supports our arguments that carrier 

populations can be vastly different as per individual device/probe type. Hence, mobility 

inferred, can be significantly different in such disordered (effective) media. 
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Figure 4.41: Simulated plots of (a) the occupied DoS under steady-state operation, (b) electrostatic, (c) 

density of free holes (hfree) and (d) density of trapped holes (htrapped) profiles across the 135-nm thick glassy 

(cold-colour sets) and β-embedded (warm-colour sets) PFO active layers as in hole-only devices. For (a) the 

simulation was performed at a position in close proximity (the 5th out of a total 50 mesh point) to the Ohmic 

anode locating at 0 nm. 

Figure 4.35 sets experimental and simulated Poole-Frenkel plots side by side, from which very 

nice agreement on the +/− β ToF and hole-only hole mobilities is found. We extract, from 

simulated transport response (i) µh,ToF in the identical manner as we treat the experimental 

photocurrent transients, and (ii) µh,hole-only by applying the classic relationship Jdrift = q pfree µh 

E under high forward-bias voltage (i.e. in the drift-dominant regime), at any mesh point since 

the J term is uniform across the 1-D space. 
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Figure 4.42: Experimental and simulated Poole-Frenkel plots side by side. A same scale of the axes is 

shared between the two sub-plots. 

We comment that for hole-only devices the E1/2 was taken as <E>1/2 since the electric field 

profile would not be a constant along the vertical direction of the hole-only devices, as 

evidenced from Fig. 4.34(b) showing the simulated non-uniform electrostatic profiles. 

On a side note, we consider the paper by Pavlica et al. [94], and comment on their dN/dttr versus 

t/t0 histogram essentially represents the sub-bandgap DoS distribution. 

We list our general comments and summary inferred from the reconciliation efforts as follows: 

• Time-of-flight photocurrent: transient is dominated by emptying of trap states, thus the 

technique reveals carrier detrapping dynamics; good for determining sub-bandgap DoS 

• Steady-state single-carrier conduction (probed by J–V or impedance spectroscopies): 

current is dominated by average velocity of charge carrier population; most relevant to 

vertical-mode device operation 

4.25.2 Further Discussion 

Revisiting previous PFO transport works 

We explicitly address the misconception in prior literatures [1,4] that the apparent experimental 

observation of non-dispersive, or even seemingly ‘trap-free transport’ [1] is a consequence of 

a high degree of structural/chemical regularity and a narrow distribution of electronic states. 
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Non-dispersive transport could also occur in the presence of significant amount of trap states, 

so long as the significant ones are energetically narrowly distributed. 

A T−1 behaviour is what we would expect if the ToF transit time (hence mobility estimation) is 

dominated by release of carriers from a deep trap of well-defined energy. Tucking in here a 

slightly irrelevant concept as a metaphor: such energetically deep and yet distinct defects act 

similarly to dominant pole(s) in an nth-order system determining its response. Indeed, from the 

Arrhenius plot for β-embedded sample we could obtain a very good linear fit to support this 

reasoning. Note that the Arrhenius fit to its glassy counterpart is considerably poorer however. 

 

Figure 4.43: Activation energy (Ea) ~0.31 eV estimated for β-embedded sample from Arrhenius plot. Shown 

also an Ea ~0.25 eV for glassy from a ‘forced’ Arrhenius fit (cf. Ea ~0.22 eV for keto-embedded ToF sample, 

Chapter 5: the values are very similar!). 

The activation energy Ea for β-embedded samples corresponds to the estimated depth of the β-

phase (~0.3 eV) in this study, agreeing with both the proposed numerical DoS and ER-EIS 

results for β-phase-embedded layer. 

The apparent T−1 dependence of μh0 observed for RT-cast non-annealed PFO films in Ref. [33] 

was attributed to polaronic hopping model [95], which could be (at least partly) due to the 

release of charges from a β-type deep trap. Furthermore, if the activation is caused by traps 

then we could derive that the polaron binding energy is much lower than what the previous 

work [33] has proposed. Also, if the hole transport is dominated by thermal release from such 

energetically well-defined trap species, such as β-phase, then the conclusion of needing for 

correlations of trap energies due to e.g. polaronic effects, that was drawn in Ref. [33] would be 

irrelevant. 
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There and back again: on the attempt-to-escape rate 

Having established that the temporal position of the knee is mediated by the presence of β-

phase in the hole DoS, we apply an asymptotic fitting approach to revisit the estimation of 

attempt-to-escape rate. 

Assuming β conformer depth of 0.3 eV,74 and the transit time at finitely high bias [obtained by 

asymptotic fitting (mono-exponential decay with offset) of transit time toward infinite E1/2 in 

Poole-Frenkel plot] which signifies the intrinsic carrier retention time due to β conformer (with 

infinitely high drift velocity), we can derive, in a back-of-the-envelope manner, an attempt-to-

escape rate ν0 ≈ 1.2 × 1011 Hz from these HMW ToF devices using Eqn. 2.6 in Chapter 2. Note 

that this number is in excellent agreement with our previous estimate of attempt-to-escape rate 

ν0 ≈ 1011 Hz by matching DoS features inferred from HDR transients which were measured at 

different temperatures (see Section 4.8.1). 

 

Figure 4.44: Asymptotic fitting of HMW +β ToF transit times versus field strength in the Poole-Frenkel 

presentation, using a mono-exponential decay with a constant offset level. The offset obtained via such fitting 

represents the intrinsic carrier retention time due to β (with infinitely high drift velocity, since ve/h = μe/hE). 

  

                                                 
74 Disregarding the small effect of ‘β(ΔE)1/2’ in β-embedded case, the value of which approximates 0.06 eV for 

the wide range of field covered in Fig. 4.37. 
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Comparison between DoS profiles from ER-EIS and numerical simulation inputs 

Figure 4.38 shows the satisfying agreements between experimentally extracted (via ER-EIS) 

and numerically proposed hole DOS. Fits to individual main features of the experimental DoS 

are annotated in the figure legends. 

 

Figure 4.45: Comparison of an experimental PFO HOMO branch (obtained via ER-EIS method) with sub-

bandgap profiles proposed for numerical simulation. 

Yet, we need to take into account that, the experimental ‘glassy’ spectrum was used to compare 

with numerical DoS proposals. The resemblance of the overall shape of the numerical β-

embedded DoS with that of the experimental ‘glassy’ spectrum is a coincidence, since the 

‘glassy’ sample measured was not totally free of β-phase. 

We recall, from Table 4.2, relevant parameters for the proposed numerical DoS, and shortlist 

them into Table 4.5 for easier reference in conjunction with Fig. 4.38. 

Table 4.5: Device parameters for numerical PFO hole-only J–V simulation. 

Symbol Parameter description Value 

glassy

HOMO  
Disorder breadth (standard deviation) of the glassy 

Gaussian component 
75 meV 

HOMOE  β-phase depth, relative to the HOMO mobility edge 0.27 eV 

HOMO

  Disorder breadth (standard deviation) of the β-phase 45 meV 
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HOMO

chE  HOMO exponential tail characteristic energy 75 meV 

 

1.26 IMPACT OF CONFORMATIONAL TRAP VOLUME FRACTION 

ON THE DEGREE OF CARRIER TRANSPORT DISPERSION 

The present Section 4.12 serves as an example of how the population of structural traps and 

resultant microstructure could affect transport dispersion. We carried out this piece of extended 

study using the LMW version PFO (refer to Table 4.1 for MW profiles). 

Using the same Raman mode method outlined in Section 4.5.2, we estimated vol% of 

embedded β-phase to be ~6±0.1% for the LMW devices (data not shown; cf. ~4.6% for HMW 

counterparts). 

 

Figure 4.46: (a) LMW β-embedded ‘time-of-release’ photocurrent transients, and (b) Comparing glassy () 

and β-embedded () Poole-Frenkel plots at 290 K. 

From Fig. 4.39(b), LMW glassy μh agrees very well with its HMW counterpart. With the heavy 

cusps associated with the LMW β-embedded ToF traces (Fig 4.39(a)), it is not feasible to 

determine carrier transit time from the ordinary approach. Instead, we have chosen to assign 

the ttr to the peaks of the cusps. The RT-cast β-embedded ToF μh falls back to ~10−4 cm2 V−1 

s−1, agreeing with past results from e.g. β-embedded (via SVE), and RT-cast devices reported 

by Foster and others [14,47,96]. 
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The occurrence of cusps in ToF transients were previously observed by Ochse et al. [97], Im 

et al. [98], Laquai et al. [99], more recently by Liu et al. [100], as well as Foster [47] on β-

embedded PFO devices. In Refs. [97–99] where extrinsic charge generation layers (CGL) were 

employed, the authors ascribed the cusp phenomena at high temperatures (beyond ca. 300 K) 

in their studies to the temperature-dependent offset between the equilibrium energy for 

transport within the active layer and the quasi-equilibrium carrier injection level from the CGL. 

This offset will increase by elevating the measurement temperature. We note that the material 

systems investigated in these studies all feature some sort of oxygen-related polar chemical 

moieties or groups. We will revisit the topic of cusp behaviour in ToF in one of the subtopics 

of Chapter 5. 

On a side note, the parallel decaying tails in the inset of Fig. 39(a) again support the validity of 

our assumption based on MT model, which states that carrier redistribution due to iterative 

trapping–detrapping, hence distortion to the mapped DoS is minimised at high biases. 

Figure 4.40 shows the comparison of hole transport dispersion in (a) HMW and (b) LMW by 

ToF method. 

 

Figure 4.47: Comparison between dispersion in HMW (a) and LMW (b) ToF hole transport. Cartoons in (a) 

show +/− β-phase ToF sample volumes sandwiched between ITO (left, pink colour) and aluminium (right, 

silver colour) contacts (not to scale). The diverse blue shades of the polymer chains symbolise the distribution 

in charge transport site energies, with the extended and planarised β-phase chain segments highlighted in 

red. 

In Fig. 4.40, the HMW transients are recalled from Fig. 4.16(a). Both + and – β-phase LMW 

transients were probed at electric field ~316 V1/2 cm−1/2 (their layer thicknesses are different 

hence different bias voltage were applied). Figure 4.40(a) and (b) are plotted using the same 
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respective scales for x- and y-axes, thus allowing hole transport dispersion to be directly 

compared by eye. It is visually clear in Fig. 4.40(b) that for the LMW devices, due to the cusps 

(an indication of temporal distribution of photocurrent), β-embedded possess lower degree of 

transport dispersion than that of the glassy one. In addition, subtle difference in the post-transit 

tail slope could be observed when comparing high and low MW counterparts, where in the 

LMW scenario both + and − β devices show less steep post-transit decays relative to their 

HMW counterparts. We therefore hypothesise that the extent of disorder differs with molecular 

weight distributions of polymers and, empirically, lower MW would lead to greater degrees of 

disorder. We echo Foster’s arguments [47] on MW-dependence of GDM disorder breadth 

summarised for the group of polyfluorene-family materials. 

 

Figure 4.48: Steady-state J–V response for asymmetric hole-only devices configured as 

ITO/PEDOT:PSS/~600-nm-thick +/− β LMW PFO layers/MoOx/Au. Voltage ranges from 20 mV to 7 V with 

sweeping step of 20 mV. The d.c. hole mobility reduction owing to β-phase appears to be marginally higher 

than the HMW case. 

In terms of LMW J–V behaviour presented in Fig. 4.41, the factor difference of ~tenfold is 

higher than that of the HMW case. Again, this is consistent with the picture of having a larger 

fraction (~6±0.1%) of β-phase embedded, whilst the conformational traps do not reach the 

threshold for self-percolation. 

Another very interesting phenomenon of note is the different breadth of the −Im(Z). 

measurements are robust in the presence of dispersive transport, hence avoiding interpretative 

difficulties in determination of mobility. 
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Figure 4.49: Normalised −Im[Z]–f spectra of ~600-nm asymmetric LMW PFO hole-only devices: (a) glassy, 

and (b) β-embedded. At each given d.c. bias, we reciprocate the frequency peak of the −Im[Z] spectrum to 

a d.c. hole transit time, from which a corresponding steady-state hole mobility can be derived [58]. We 

present the field-dependent µh set in Fig. 4.45 after the correction of Vbi. 

Note the apparent difference in the normalised −Im[Z]–f breadth of LMW +/− β devices. This 

gives us a qualitative representation of the degree of hole transport dispersion: the ‘breadth’ of 

the −Im[Z] versus log10(f) plots in Fig. 4.42 – an indication of the degree of hole transport 

dispersion [58]: β-embedded < glassy for LMW layers. 

The higher degree of hole transport dispersion in pristine glassy case hampers the feasibility of 

using −ΔB–f method [101,102] to estimate d.c. mobility, since peaks could not be found in 

−ΔB–f spectra (as is clear from Fig. 4.43). 

 

Figure 4.50: LMW glassy hole-only probed by −∆B–f technique. The high hole transport dispersion leads to 

no peaks in the −∆B–f spectra, rendering this method not applicable for determining d.c. mobility in this 

scenario. 
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On the contrary, due to a much lower transport dispersion, LMW β-embedded hole-only probed 

by the same −∆B–f technique displays characteristic concave dips in the C-f plot (Fig. 4.44(a)), 

from which peaks in the −∆B–f spectra (Fig. 4.44(b)) can be derived hence further the 

corresponding d.c. µh. 

 

Figure 4.51: LMW β-embedded hole-only probed by −∆B–f technique. The lower hole transport dispersion 

leads to characteristic peaks in the −∆B–f spectra, allowing this method to determine d.c. mobility in this 

scenario. We present the field-dependent µh set in Fig. 4.45 subsequent to the correction of Vbi. 

The higher degree of hole transport dispersion in pristine glassy case renders it being not 

possible to use −ΔB–f method [101,102] to estimate d.c. mobility, as peaks could not be found 

in −ΔB–f spectra. 

Note the ‘breadth’ of the −Im[Z] versus log10(f) plots – an indication of the degree of hole 

transport dispersion [58]. 

The bias-dependent peaks could be correlated to the field-dependence of d.c. hole mobility – 

this allows extraction of PF plots from impedance spectroscopies [58]. 

It is noteworthy that hole mobility for ‘1-hour SVE’ (β-embedded) devices is lower than their 

glassy counterparts and, the dispersion is lower as well, evidenced from both C(f), and −Im(Z) 

plots above (this observation appears to be consistent with our time-resolved transport data). 

We note that the LMW +/− β hole transport study is, to the best of our knowledge, a first-time 

clear experimental demonstration of the impact of a specific conformational disorder on the 

dispersion of carrier transport. 
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Figure 4.52: Poole-Frenkel form summary of the field-dependent +/− β steady-state µh values derived from 

impedance spectroscopic probes into LMW PFO hole-holy devices: glassy via −Im(Z)–f (), β-embedded 

via −Im(Z)–f () and β-embedded via −∆B–f (). 

The above LMW devices mobility values agree well with those of HWM counterparts shown 

in Fig. 4.24. There is some slight discrepancy between the d.c. mobility inferred from the 

−Im(Z)–f and −ΔB–f methods for β-embedded hole-only device, especially at the low electric 

field region. However, the relative differences in +/− β d.c. mobility magnitude and field 

dependence are preserved. 

We finish Section 4.12 by remarking that the LMW +/− β hole transport study is, to the best of 

our knowledge, a first-time clear experimental demonstration of the impact of a specific 

conformational disorder on the dispersion of carrier transport. 

1.27 INTERPLAY BETWEEN DOS AND MOBILITY ON TOF 

TRANSIENTS 

Here we present a brief modelling section addressing the interplay between carrier transport 

across the layer and retention due to localised trap states, and how they affect in the overall 

shape of photocurrent transients depending on the numerically assigned energetic depth of 

defects and band mobility. 

For concision, the full device parameter space is not listed here because we only intend to 

demonstrate a generic trend from numerical modelling—apart from systematically changing 



 

134 

DoS profile and band mobility that can be reflected from respective figures in the present 

section, all other parameters were kept unaltered. 

Figure 4.46, as an opener for this section, shows how an additional distinct and deep (0.45 eV 

relative to the mobility edge) sub-bandgap feature manifests itself in the simulated ToF 

transient trace. The band µh used to yield the set of simulation in Fig. 4.46 was 0.1 cm2 V−1 s−1. 

It is evident that, as opposed to the previously simulated β-embedded scenario (i.e., cf. Fig 

4.30), in this case such extraneous sharp profile associates with a prominent bump in the post-

transit regime signifying a clear thermal release process, rather than convolving with the 

temporal onset of the transient knee, which has been previously routinely regarded as the 

‘transit time’ in the community (just like for the β-embedded case). The true carrier transit time 

is largely unaffected in the case of Fig. 4.46 since the temporal interaction/overlap between 

events of (i) intrinsic free carrier motion to cross the device and (ii) the average time of carrier 

retention within the sharp defect states, is well separated. Additionally, we note that for the 

single mono-exponential tail DoS input, the simulated ToF transient well follows the dispersion 

shape described by Scher and Montroll  [103]. 

(a) (b)  

Figure 4.53: DoS inputs of either including or excluding the red narrow sub-bandgap Gaussian protruding 

the mono-exponential HOMO tail states. (b) The corresponding simulated photocurrent transients, with (▬) 

and without (▬) such extra ‘bump’. The band µh used for this set of simulation was 0.1 cm2 V−1 s−1. See 

legend for details. 

However, Fig. 4.47 shows the trend as we systematically decrease the hole mobility whilst keep 

bias voltage fixed at 10 V: the once clear post-transit carrier detrapping ‘bump’ signature gets 

gradually ‘entangled’ with the increasingly retarded carrier transit time, such that we may be 

confused by the band µh = 10−2 cm2 V−1 s−1 trace and provide a misread of the transit time as 

the ‘bumpy’ release time. Following this trend, it is intuitive to expect that a further lowered 
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µh, e.g. at 10−3 cm2 V−1 s−1 will completely forgo the signature of the intrinsic transit time and 

leave just the release time discernible—as for the β-embedded PFO case. 

 

Figure 4.54: Systematic changes in the simulated ToF transient shape as we sweep down the band µh from 

10 to 10−2 cm2 V−1 s−1. See figure legend and surrounding texts for details. 

Finally, a little amount of playing around with the model: what if introducing two energetically-

offset deep narrow Gaussians which protrude the exponential HOMO tail whilst having a 

reasonably large band µh? 

(a) (b)  

Figure 4.55: (a) Introducing two energetically-offset deep narrow Gaussians that protrude the exponential 

HOMO tail whilst having a large-enough band µh, such that pre-transit features are hardly affected. (b) 

Extracted DoS using both pre- [104,105] (▬) and post-transit (▬) analyses in attempt for recovering the 

whole input DoS. For comparison, the dotted blue line presents the envelope of the input hole DoS, as in (a). 

See legend for details. 

It is clear from Fig. 4.48 that the impact of thermal (kBT)-broadening on photocurrent transient 

is present, which in turn would distort the extracted DoS and smear out shape features, once 

the post-transit DoS mapping technique is applied. 
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1.28 CONCLUSIONS AND PROSPECTS 

In this Chapter, taking the β-phase in amorphous-state PFO as a representative system, we have 

strived to understand and unambiguously address the impact of conformational disorder on 

charge transport in π-conjugated polymers. By developing and applying a high-dynamic-range 

time-of-flight (HDR ToF) photocurrent technique, we have probed the density of trap states 

lying deep (up to ~0.5 eV) into the hole transport level of the polymer and have elucidated how 

that DoS is directly affected by the inclusion of β-phase conformational isomer. HDR ToF’s 

capability of faithfully delivering DoS (including the overall profile shape and the energetic 

position of the conformational defect) is confirmed using a complementary technique for DoS 

mapping, namely, the energy-resolved electrochemical impedance spectroscopy (ER-EIS) 

developed by our collaborator Dr. Vojtech Nádaždy. Moreover, the energetic manifestation of 

the defect—including its depth (~0.3 eV relative to the transport level) and rather narrow 

spread—is consistent with the simulated effect of backbone planarisation on the electronic 

structure of HOMO in oligofluorenes. To the best of our knowledge, this work accomplishes 

the first quantitative demonstration of a direct relationship among conformational disorder, 

sub-bandgap DoS distribution and charge transport behaviour in molecular electronic materials. 

We have exploited glassy PFO system with the presence or absence of β-phase to address the 

apparent dissimilarities in charge transport phenomena obtained from different experimental 

techniques including time- and frequency-resolved, and steady-state (opto-)electrical 

characterisations. Specifically, we have found that whilst the hole mobility probed by time-of-

flight photocurrent appears to be up to two-orders-of-magnitude greater for neat glassy 

compared with β-embedded PFO layers, the steady-state value based on hole-only devices is 

only a factor of 2–5 larger. We rationalised this by means of a macroscopic device model 

whereby charge carriers are resolved in terms of energy as well as position and time. We are 

able to show that within this model the different observations from time-resolved and steady-

state (time-invariant) probes can be reconciled. The underlying reason for the seemingly 

contradictory phenomena is the different levels of carrier relaxation into the localised states, 

and also an effect on the photocurrent transient due to thermally-activated charge carriers from 

the distinct conformational defect feature that may be misinterpreted as a transit—rather than 

a release—time. This study highlights the importance of applying energy-resolved models to 

properly analyse and interpret transient response in predominantly disordered (e.g. organic) 

semiconductors featuring significant distributions of sub-bandgap states. 
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As an extension, we have correlated changes in sub-bandgap DoS profiles (specifically 

mediated by the volume fraction of embedded conformational trap states, such as β-phase in 

PFO) with the associated differences in transport behaviour which include the degree of 

transport dispersion. We note that the induced volume fraction of β-phase depends on the 

choice of polymer molecular weight when subjected to a controlled processing route. The 

observation is in line with insights from a materials perspective on the kinetics of the formation 

of such structural ordering. We thus reiterate that electronic properties are influenced by subtle 

variations in the microstructure of the active layer, which in turn could be affected by—

although certainly not limited to—molecular weight profile of the polymer. 

One general implication of this study is that charge-carrier mobility, as a figure of merit from 

experimental probes, must depend heavily on the measurement conditions and carrier 

concentration, and on how charge carriers ‘survey’, or ‘interact with’ the DoS as they transit 

across the device. Specific remarks on the structural–property–function relationship of PFO 

polymer are that tuning of charge transport via judicious control of an optimal amount of β-

phase could lead to potential benefits in balancing hole and electron mobility in OLEDs, as 

well as optimising luminescence quantum yield and the spectral definition of the blue emission 

(e.g. in the context of the CIE 1931 colour space) of such devices. 
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Chapter Ⅴ 

Time-of-Flight Transport Studies of PFO under 

Nucleated Crystallisation or Photodegradation 
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1.29 SUMMARY 

This Chapter comprises two constituent transport studies on PFO. 

In the first study, we report the use of nucleating agents for improving charge-carrier mobility 

in semicrystalline polyfluorene (PFO) films. We also investigate the impact of different post-

deposition thermal annealing protocols on the recorded time-of-flight (ToF) photocurrent 

charge-carrier mobility. The study showed that in the best case, of low volume fraction of 

nucleating agent and isothermal crystallisation, the ToF hole mobility could be raised by 

approximately an order of magnitude to 2 × 10−2 cm2 V−1 s−1, which is comparable with, but 

marginally slightly lower than, the best value obtained for ToF hole mobility in glassy PFO 

(~3 × 10−2 cm2 V−1 s−1). By optimising the choice of nucleating agents and their loadings it 

may be possible to further improve the hole transport properties of the processed layer, with 

the objective of establishing better connected pathways for charge-carrier transport though the 

crystalline phase. 

In the second, we investigated the effect of photodegradation-induced on-chain keto defects, 

recognisable from their spectroscopic properties, on hole transport in PFO by means of steady-

state J–V probe and time-of-flight photocurrent technique. Whilst the expected effect based on 

prior reports was to reduce the ToF hole mobility, neither a significant reduction in mobility 

was observed, nor were there any significant effects on the probed degree of energetic disorder. 

This is compatible with our expectation from theoretical quantum-chemical calculations that 

keto defects affect primarily the electron transport levels rather than the hole transport levels 

in oligofluorenes containing an on-chain fluoronone moiety. Despite this, we recognised that 

the potential effect on hole mobility may be related to a small, polarisation-induced increase in 

energetic disorder, and/or carrier scattering due to the large intrinsic dipole moment of the keto 

defects. The study also suggests that previous reports concluding the keto defects strongly 

affected hole transport may have been based on PFO samples that were contaminated with 

other structural traps such as the β-phase conformer. The final interesting note is that, we have 

put forward an alternative explanation for the occurrence of cusps in time-of-flight 

measurements for materials bearing significant intrinsic dipole moments, due to for instance, 

keto groups. 
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1.30 BACKGROUND AND MOTIVATION 

In the previous Chapter, we have shown how combining (quasi-) steady-state and transient 

opto-electrical measurements enabled us to determine the density of hole states in layers made 

of a neat conjugated polymer, PFO, that featured various, processing-dependent 

microstructures. This suggests the possible use of the same techniques to probe the density of 

states and their effects on charge transport in other materials systems or in the same polymer 

when processed or treated in order to exhibit further, more complex microstructures and 

heterogeneous variations. Here we identify two additional variants of the PFO system, both of 

which bear technological relevance. 

First, PFO that has been processed using nucleating agents with the aim of obtaining a higher 

fraction of crystalline entities or a substantially different distribution of crystallites. This 

approach is motivated by the prospect that, if the relative amount of the crystalline fraction is 

sufficiently high (and with its orientation favourable), the structurally-ordered phase could 

form percolating pathways for the charge carriers within the otherwise disordered 

amorphous/glassy volume. Thus, the charge-carrier mobility for such semicrystalline material 

may, in fact, exceed that of the same material in its glassy state. 

The second variant is PFO that has been degraded through exposure to oxygen and ultraviolet 

(UV) radiation in order to introduce an on-chain chemical defect, well known as the keto defect. 

This defect may be expected to impede charge transport. In each case our goal is to probe the 

effect of the processing on the density of hole states and the corresponding effect on hole 

transport, using a set of complementary techniques. 

5.30.1 Polymer Crystallisation with Nucleated Agents: An Introduction 

In the first study reported in this Chapter, we explore the utility of nucleating agents to facilitate 

and epitaxially direct PFO crystallisation. Originally, such compounds have been used as 

nucleating/clarifying agents for reducing the degree of haze (thus improving the clarity) of 

polymer articles employed as packaging in the food and beverage industry and, simultaneously, 

for optimising their mechanical and thermal properties. 

The use of nucleating agents is an alternative approach to promoting crystal formation, which 

most commonly occurs via sporadic nucleation at a certain degree of undercooling (ΔT = Tm − 

Tc) by (i) primitive polymer crystals that exceed the critical nucleus size; or (ii) solid impurities. 
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A nucleating agent added to, e.g., isotactic polypropylene (i-PP) dissolves in its melt and, for 

certain well-defined range of compositions [1], crystallises during cooling and forms a nano-

fibrillar network. These fibrils of the crystalline nucleant percolating through the i-PP melt 

feature a very large surface area and thus provide additional nucleation sites which, via 

graphoepitaxy, can initiate crystallisation of i-PP at a lower degree of ΔT [2,3]. Adding minute 

amounts (typically below 1 wt%) of such compounds can be used to regulate the orientation, 

dimension and shape of crystallite entities. Parenthetically, it is worth adding that the ability of 

nucleating agents to clarify polymers such as i-PP stems from the fact that the crystalline 

microstructure of the polymer can be dramatically changed by the presence of the nucleating 

agent, i.e. from the strongly-scattering spherulites to ‘shish-kebab-like’ crystallites with better 

optical clarity. A sheer reduction of the size of the spherulites to below the wavelengths of the 

visible light, as can also result from a higher nucleation density provided by the nucleating 

agent, is substantially less effective at improving polymer clarity [2]. 

Figure 5.1 illustrates how the crystal growth rate varies in the range of glass transition (Tg) and 

melting (Tm) temperatures. This bell-shaped qualitative description is generically applicable to 

any given (pristine) semicrystalline polymeric materials; the effect of a nucleating agent is to 

tune the nucleation density and enable crystal growth at higher temperatures, where a high 

polymer chain transport/mobility term can be maintained to promote the growth of large 

crystalline domains. 

 

Figure 5.56: Representation of the interplay between polymer chain mobility, density of nucleation sites, and 

the resultant bell-shaped apparent crystallisation rate between the glass transition (Tg) and the melting (Tm) 

temperature range. This qualitative description is generically applicable to any given semicrystalline 

polymeric materials. Figure after Emeritus Prof. Paul Smith at ETH Zürich [4]. 



 

149 

Figure 5.2 depicts how a polymer crystal may grow around a nucleation centre, forming, in this 

particular case, a spherulite structure. 

 

Figure 5.57: An artist’s impression of the internal structure of a typical spherulite. Figure sketched after [5]. 

Crystalline phases of conjugated polymeric materials are more structurally-ordered than their 

amorphous counterparts, and are therefore expected to promote charge-carrier mobility on the 

local scale due to the more delocalised nature of the charge carriers and the reduced energetic 

disorder within the crystal coherence lengths. However, one needs to also recognise that, once 

embedded in a predominantly amorphous bulk, the crystalline regions are associated with 

reduced electronic bandgaps due to their locally extended delocalisation of electrons, and thus 

the isolated crystallites would behave as trapping ‘domains’. Previous measurements of time-

of-flight photocurrent in semicrystalline PFO films [6,7] exhibited ToF hole mobility values 

just above 10−3 cm2 V−1 s−1. Here we reiterate that the ToF devices used in such studies were 

made from high-molecular-weight (HMW) polymers containing ~6 vol%, low crystalline 

fraction [7]. In the present study, we attempt to exceed the percolation threshold for 

structurally-ordered bulk contents by improving the degree of crystallinity with the aim of 

boosting carrier mobility through PFO layers. We proceed by performing nucleated 

crystallisation of PFO under varied processing conditions. 

We build on prior studies [2,3,8] that adapted nucleating agents which were originally 

developed for applications with (saturated) commodity polymers, such as i-PP and PET, to 
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control nucleation in conjugated semiconducting polymers. Treat and co-workers have 

demonstrated dynamic crystallisation of organic semiconductor materials (such as P3HT and 

PCBM) using nucleating compounds DMDBS and BTA [9]. In addition to performing 

dynamic crystallisation from the melt, we also exploit isothermal crystallisation as an 

additional route to enhancing crystal quality. 

To obtain a wider ‘tuneable range’ for the degree of crystallinity and/or size of the crystalline 

entities of our nucleated layers, in this study we have purposely chosen the batch of PFO 

material denoted as ‘LMW’ (low molecular weight) in Chapter 4. In this ‘LMW’ material, the 

number density of chain entanglements in the melt that hinder crystallisation is reduced and 

the attainable crystalline fraction can therefore be larger [10,11]. 

5.30.2 On-Chain Keto Defect 

Optically-active on-chain chemical defects, e.g. keto or carbonyl groups, can be commonly 

introduced to pristine (di)alkyl-substituted π-conjugated polymeric materials (e.g. 

polyfluorenes and indacenodithiophene-alt-benzothiadiazole copolymers (IDT–BTs)) by 

photo-, electro- or thermo-oxidation routes. The presence of such ketone-based defects can be 

identified spectroscopically using photoluminescence (PL) or electroluminescence (EL) via 

monitoring the ~2.1–2.3 eV (~540–590 nm) broad emission band (‘green band’ or ‘g-band’ for 

short) [12–15], or using IR spectroscopy to detect the carbonyl stretching band at ~1720 

cm−1 [14–18]. The formation of keto defects is also reported in monoalkylated polyfluorenes 

during synthesis, evidenced by its IR spectroscopy fingerprints [17]. For degraded 

polyfluorenes, the fluorene monomer unit bearing a keto group instead of solubilising side 

chains is termed a fluorenone unit, as shown in Fig. 5.3. The underlying origin of g-band 

emission has been a source of controversy with some researchers arguing that the emission 

results from such isolated on-chain defects [12,15,19–21] while others present evidence for 

excimeric emission which involves intermolecular interactions or aggregations of the 

fluorenone chromophores [16,22–25] (along with observed concurrent occurrence of chain 

crosslinking [13,16,26]). Despite intensive research on the photophysical aspects of the keto 

defect, the impact of keto defects on the electrical properties of conjugated polymers remains 

in general a less-explored territory, in spite of being of broad significance for molecular 

electronic materials. In order to tackle this subject, we need to choose a material whose intrinsic 

luminescent emission band is spectrally separated from the emission range due to keto defects. 
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Again, this requirement can be fulfilled by selecting PFO as our material system due to its 

intrinsic deep-blue luminescence (c.f. Fig. 4.8, Chapter 4). 

 

Figure 5.58: Chemical structure of the on-chain 9-fluorenone moiety (with inter-monomer σ bonds indicated 

as well). A static electric dipole moment p is present and illustrated by a mint green arrow, orienting from the 

(partially) negatively-charged oxygen atom to the (partially) positively-charged 9-position carbon atom. 

A strong static electric dipole moment p ≈ 3.7 Debye was calculated for the (emissive) charge-

transfer excited state in oligofluorenes with a fluorenone moiety [27] located at the centre of 

the chain. Additionally, group member Drew Pearce calculated a dipole moment of p ≈ 3.05 

Debye for a fluorenone unit with each of the two inter-monomer bonds terminated by a methyl 

group75, the chemical structure of which is shown in Fig. 5.3. For comparison, the electric 

dipole moment of a dioctyl-substituted fluorene monomer unit is found to be only ~0.5 Debye 

and is oriented in the opposite direction. 

A limited number of previous studies, including Refs. [28] and [29] were conducted to 

investigate the impact of the keto defect on hole transport in PFO. These studies reported the 

seemingly adverse effect of keto defect on hole transport, irrespective of the device 

configuration being either single-carrier [28] or field-effect type [29]. With the insight gained 

in Chapter 4, however, we argue that the former studies of effect of keto defect on PFO were 

performed without having clearly identified and disentangled the impact of β-phase 

conformation from that of the keto defect on the experimental results and the subsequent 

analyses. This stems from the fact that the resultant PFO layers would not be free from β-phase 

when following the reported processing routes for their device fabrication in Refs. [28] 

and [29], and that the spectroscopic signatures of β-phase can be readily identified in the PL/EL 

                                                 
75

B3LYP/6-311G(d,p) level of density functional theory was chosen for the dipole moment calculation. 

CHELPG method was used for the atomic charge calculation in order to map partial charges and thus derive the 

electric dipole moment. All calculations were performed using Gaussian16 package after an initial geometry 

optimisation of the structure. 
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spectra for those PFO layers, from which the oxidative fluorenone defect can also be observed 

to be present. 

Based on the updated knowledge for PFO that we have gained from Chapter 4, we will take a 

step further and apply a method to experimentally isolate the effect of β-phase conformers from 

the effect arising due to keto defects. We use PL spectroscopy to confirm that our keto-

embedded PFO layers are prepared with a maximally suppressed β-phase content. (As a side 

note, the presence of the polar keto defects also imposes a disruptive effect on the formation of 

β-phase during film preparation [26].) Having established that keto-embedded layers under test 

are maximally free from β-phase, we employ time-of-flight photocurrent method to examine 

the impact of keto defects—introduced by photodegradation—on vertical-mode hole transport 

through PFO layers. 

It should be noted that the primary effect of the keto defect on the calculated electronic structure 

of PFO polymer is to substantially depress the LUMO level relative to that of the pristine 

polymer, while the effect on the HOMO level is, to a first approximation, negligible (see Fig. 

5.26 below and the related discussion for results of the DFT calculations on fluorenone-

contained oligofluorenes). This would imply that the effect of introducing keto defects would 

be greatest for electron transport in PFO and not necessarily significant for hole transport. 

However, the keto defect may still affect hole transport, either via the effect of the strong dipole 

on local electrostatic interactions and hence on energetic/spatial disorder [30–33], or possibly 

via an effect on intermolecular electronic coupling [33]. 

1.31 SCOPE OF THIS CHAPTER 

In this Chapter, we will address the two topics introduced above, with the aim of understanding 

the effect of the change in the electronic structure and properties introduced by the relevant 

process—nucleated crystallisation or photodegradation in the presence of oxygen—on hole 

transport in PFO, using a combination of spectroscopic and opto-electrical characterisations. 

Both of the studies introduced here broadly relate to the heterogeneity of the polymer as an 

electronic material, in the first case the microstructural heterogeneity and in the other case 

chemical structure heterogeneity arising from the degradation process. 

First, in Section 5.4 we study the effect of crystallisation, induced with and without nucleating 

agents, on hole transport and in particular we seek to establish whether controlled, nucleated 
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crystallisation may enable higher ToF hole mobility due to microstructural changes that favour 

charge transport. Second, in Section 5.5 we address the impact of keto defects on both steady-

state and transient hole transport phenomena, and the density of hole states. 

1.32 PFO NUCLEATED CRYSTALLISATION STUDY 

5.32.1 Applying Nucleating Agents to PFO 

The study of Chapter 4 led to one of the interesting conclusions that glassy PFO manifests a 

higher ToF hole mobility than any other previous values reported for PFO, in spite of the 

expectation that crystallinity should benefit charge transport. As a further extension, here we 

aim at pushing the crystalline domain size and/or fraction as high as possible via controlled 

processing routes to establish whether the hole mobility of glassy PFO can be achieved or even 

surpassed. 

We select two nucleating agents, namely Millad® NX8000 and DMDBS (both from Milliken® 

Chemical) following prior works on the use of these compounds to control crystallisation in 

either saturated or conjugated polymers [2,8,9]. There have as yet been no reports of the use of 

such nucleants in PFO. 

Figure 5.4 provides the chemical structures of the two commercial nucleants. Based on their 

chemical structures one can intuitively identify they are electrically-insulating compounds due 

to the overall non-conjugated systems: 

a. Millad® NX8000, alternatively abbreviated as TBPMN (1,2,3-trideoxy-4,6:5,7-bis-O-

[(4-propylphenyl)methylene]-nonitol, CAS reg. No. 882073-43-0); Tm ≈ 245 °C (see 

Fig. 5.5 and Ref. [8]) 

b. Millad® 3988i DMDBS (1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol, CAS reg. No. 

135861-56-2); Tm ≈ 275 °C (see Fig. 5.5 and Ref. [8]) 
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Figure 5.59: Chemical structures of the two sorbitol-based, electrically-insulating nucleating compounds 

used in this study, upper panel: NX8000; and lower panel: DMDBS. 

Figure 5.5 shows DSC thermograms of as-received NX8000 and DMDBS compounds during 

their first heating cycle, from which their melting temperatures (Tm) can be identified as 

~245 °C (for NX8000) and ~275 °C (for DMDBS). 

 

Figure 5.60: DSC thermograms for as-received, neat NX8000 (▬) and DMDBS (▬) nucleating agents, 

indicating their respective melting peaks of ~245 °C (NX8000) and ~275 °C (DMDBS) from the first heating 

cycle. Subsequent cooling and heating cycle traces are not presented since these small molecules begin to 

sublime and decompose strongly from around, and further beyond their melting temperatures (Tm). 

(Therefore, the recorded crystallisation features and/or associated changes of enthalpy cannot be relied upon 

highly). 

5.32.2 Phase Behaviour Probed by Differential Scanning Calorimetry 



 

155 

Differential scanning calorimetry (DSC) is an established method of probing phase behaviour 

of materials (and blends thereof) and determining the nucleation efficiency of nucleating agents, 

the latter of which is commonly estimated from the reduction of undercooling (ΔT) for polymer 

crystallisation at a given cooling rate [8]. 

To prepare the samples for DSC, LMW PFO was first added to the DSC crucibles in the form 

of compacted (‘cold-pressed’) powder (both the polymer and crucibles were weighed 

individually). In order to facilitate dispersion of the nucleating additives in PFO, the nucleating 

agents were first dissolved in chloroform, following which the required amounts of solutions 

were pipetted into the DSC crucibles containing PFO. The residual chloroform was evaporated 

in the first DSC heating step. The crucibles were weighed after the measurements to determine 

the exact amount of added nucleating agents and thereby their relative mass fraction (wt%) to 

PFO. 

For isothermal crystallisation, the samples were first heated up to 200 °C (i.e. beyond Tm of 

PFO) to erase any initial thermal/microstructural ‘memory’ (which highly plausibly contains a 

non-negligible fraction of β-phase segments and trace of crystalline phases, as a result of the 

final precipitation/purification steps during PFO synthesis). The samples were then quenched 

to a chosen crystallisation temperature (see annotations to Table 5.1) and held for ~50 minutes. 

Dynamic crystallisation, on the other hand, was performed by cooling the DSC samples from 

200 °C at a rate of ~5 °C min−1 until reaching ambient temperature (~25 °C). 

 

Figure 5.61: DSC thermograms recorded for neat LMW PFO (▬) as well as PFO containing small fractions 

of nucleating agents: 0.1 wt% of NX8000 (▬) and 0.5 wt% of DMDBS (▬). Solid lines depict second-heating 

and second-cooling thermograms recorded with 5 °C min−1 heating or cooling rates. Dotted lines represent 
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heating thermograms for isothermally-crystallised samples (see text for elaborated comments). All 

thermograms are peak-normalised for clarity. 

Figure 5.6 shows the DSC thermograms recorded during the second thermal cycle for neat 

LMW PFO, and PFO containing ≤ 0.5 wt% of the two sorbitol-based nucleating agents 

NX8000 and DMDBS. 

The DSC thermograms for dynamically-crystallised neat PFO are broadly consistent with the 

results reported elsewhere, e.g. in Ref. [34] and Fig. 4.6 of Chapter 4. The addition of 0.1–0.5 

wt% of nucleating agents results in negligible changes in the heating thermograms relative to 

the neat PFO, evidencing that the crystalline modification (i.e. a combination of so-called  

and ’ phases [34]) formed by PFO is not affected by the addition of nucleating agents. The 

cooling thermograms with nucleants added, however, exhibit additional exothermal peaks, the 

onsets of which occur at reduced degrees of ΔT (see Table 5.1 for summary). We therefore 

attribute these additional peaks to nucleating-agent-assisted crystallisation of PFO. The fact 

that these additional peaks coexist with the crystallisation peak seen for neat PFO at ~119 °C 

(cf. all cooling thermograms in Fig. 5.6) may indicate (i) sub-optimal, inhomogeneous 

distribution of the additives in PFO and/or (ii) that the slow melt-crystallisation kinetics of PFO 

do not allow for complete nucleating-agent-assisted crystallisation at the chosen cooling rate 

in the DSC measurements. 

We note that the corresponding melting and crystallisation transitions for the additives cannot 

be discerned in the measured temperature range (25–230 °C) due to their ultra-low loading 

fractions. For instance, the enthalpy of fusion for NX8000 was measured to be 144 J g–1 (data 

not shown here) which, for the actual weight of the additive in the samples analysed here (3 

µg), would correspond to an enthalpy of 0.4 mJ that is well below the resolution limit of the 

DSC instrument. We further note that in other experiments where higher additive loadings were 

used, the additive transitions could be readily detected. For example, the dissolution and 

crystallisation transitions for NX8000 were clearly observed at ~200 and ~175 °C, respectively, 

for a LMW PFO sample containing 5 wt% of the additive (data not shown here). 

Comparison of the heating thermograms recorded for dynamically- and isothermally-

crystallised samples reveals, for the latter case, a significant sharpening of the primary melting 

peak (at ~164 °C) which suggests that the polymer crystal entities are more structurally defined 

and ordered. The average increase in enthalpy—that is, the degree of crystallinity—of the 
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melting transitions is 28% (cf. Table 5.1) when isothermal, instead of dynamic, crystallisation 

is performed. 

Table 5.1: Crystallisation onset temperatures and enthalpies of fusion (determined from the heating 

thermograms and given relative to the weight of PFO) following dynamic and isothermal crystallisations. 

Table annotations: a) The low-molecular-weight (LMW) batch PFO as specified in Chapter 4; b) isothermal 

crystallisation at 140 °C; c) isothermal crystallisation at 138 °C. 

Sample 
Tc (onset) | ΔT 

(°C) 

ΔHf (dynamic) 

(J g−1) 

ΔHf (isothermal) 

(J g−1) 

PFO a) 124 | 40 14.2 18.8 b) 

PFO a) + 0.1 wt% NX8000 140 | 24 13.7 17.3 c) 

PFO a) + 0.5 wt% DMDBS 146 | 18 14.0 17.7 b) 

 

5.32.3 Protocols of Controlled Nucleation Kinetics for ToF Layers 

Having acquired, from DSC measurements, valuable knowledge about the phase behaviour of 

LMW PFO loaded with trace amounts of the nucleating agents, we proceed to design and apply 

controlled crystallisation protocols to study the effects of varying (i) nucleant loading wt% and 

(ii) crystallisation kinetics (being either isothermal or dynamic) on ToF hole transport through 

specifically processed PFO photoconductive layers. 

It is worth pointing out that we have chosen slightly different wt% loadings for both nucleants 

for the making of actual ToF photoconductive layers, as opposed to the values used in DSC. 

As a control, we have also included neat PFO composition for comparison. We summarise the 

set of crystallisation protocols designed for the preparation of our PFO layers in Table 5.2. 
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Table 5.2: Detailed ‘recipes’ for the studied semicrystalline PFO ToF samples. Light pink shaded cells are 

for isothermal crystallisation while faint mint shaded cells signify dynamic crystallisation from melt. All thermal 

treatments were performed under inert, pure nitrogen atmospheric condition. Table annotation: a) prior to 

isothermal annealing, the as-cast PFO films were heated up to 200 °C (i.e. into melt) to remove any 

microstructural ‘history’. 

Sample type 

reference code 

Layer composition: 

LMW PFO plus… 
Crystallisation method 

iso_1NX 1 wt% of NX8000 

Isothermal annealing a) at 146 °C for 50 min, followed 

by immediate quenching onto a metal surface at ~20 °C 

(isothermal for short) 

iso_0.15NX 0.15 wt% of NX8000 

iso_neat N/A (i.e. neat PFO) 

iso_1DMDBS 1 wt% of DMDBS 

dyn_1NX 1 wt% of NX8000 

Solidification from melt, by linearly decreasing 

temperature (5 °C min−1) from 200 °C to ~25 °C 

(dynamic for short) 

dyn_0.15NX 0.15 wt% of NX8000 

dyn_neat N/A (i.e. neat PFO) 

dyn_1DMDBS 1 wt% of DMDBS 

 

Having established the preparation protocols for the active layers of ToF devices, we highlight 

the following interesting aspects of the study: 

• Does the introduction of nucleating agents help promote the transient ToF hole mobility 

compared to neat semicrystalline PFO films? 

• What is the effect of the varied loading fraction (in wt%) of nucleants on hole transport 

properties of the layers (e.g. iso_1NX versus iso_0.15NX), and how does that correlate to 

observations of microstructural properties? 

• Does prolonged (~50 min) isothermal crystallisation of neat PFO at a lower ΔT make a 

difference (say, leading to a higher degree of crystallinity with substantially larger crystal 

entities), as one might expect from the generic temperature dependence of crystallisation 

kinetics illustrated in Fig. 5.1, as well as from the DSC results presented in Fig. 5.6 and 

Table 5.1? And how does the difference in microstructure in turn affect hole transport? (e.g. 

iso_neat versus dyn_neat) 
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• Likewise, do the dynamics of thermal annealing for nucleated crystallisation make a 

difference? (e.g. iso_0.15NX versus dyn_0.15NX) 

• Which of the two nucleants exhibits higher nucleation efficiency in PFO at a same loading, 

as inferred from ToF carrier mobility and microstructural features? (e.g. iso_1NX versus 

iso_1DMDBS) 

To address these open questions, we performed time-of-flight hole mobility measurements on 

LMW PFO films fabricated as per the ‘recipes’ in Table 5.2. The obtained ToF transport results 

are presented in Section 5.4.4. Cross-polarised light microscopy was carried out on the same 

samples applied for the ToF photocurrent measurements in order to avoid any discrepancies 

that may result from subtle differences in sample preparation. In addition to crystallised 

samples, for every layer compositional type we also recorded cross-polarised micrograph in 

the as-cast state prior to thermal treatments. We display all cross-polarised light micrographs 

in Section 5.4.5. We attempt to collectively address the points listed above as we progress 

through Sections 5.4.4 and 5.4.5. 

5.32.4 Comparison of ToF Hole Transport under Varied Nucleated Processing 

In this Section, we present the ToF hole transport data for all compositional and crystallisation-

kinetics variants of semicrystalline LMW PFO devices (as listed in Table 5.2). 

Figure 5.7 shows double-logarithmic plots of the transient hole photocurrents measured at room 

temperature (~293 K) for (a) isothermally-crystallised and (b) dynamically-crystallised ‘1NX’ 

compositional layers under a set of applied bias Vapp. The photoconductive layer thickness of 

either device case is listed in Table 5.3. All ToF transients were acquired with adjustment of 

the laser pulse intensity to satisfy Q/Q0 < 15%, thus avoiding any space-charge effect in the 

measurements. 



 

160 

 

Figure 5.62: Representative room-temperature (ca. 293 K) ToF transients for (a) isothermally-crystallised 

and (b) dynamically-crystallised photoconductive layers prepared from LMW PFO plus 1 wt% loading of 

NX8000 nucleant. For each transient obtained at a given bias voltage (Vapp), the carrier transit time ttr 

(indicated by an arrow) was extracted by locating the point of intersection of two tangents (dashed thin lines) 

fitted to the pre- and post-transit regimes of the transient on the double-log scale. Offsets were applied to the 

transients for clarity and hence with photocurrent level expressed in arbitrary units (a.u.). All ToF traces were 

acquired with adjustment of the laser pulse intensity to satisfy Q/Q0 < 15%, thus avoiding any space-charge 

effect in the measurements. The layer thickness (d) of each case is listed in Table 5.3. 

Using the ToF transients presented in Fig. 5.7 and Eqn. 3.5 [μ = d2/(ttrVapp)], we are able to 

extract field-dependent ToF hole mobility values for both (a) iso_1NX and (b) dyn_1NX device 

scenarios, and compare their results in the Poole-Frenkel form (μh versus E1/2), as shown in Fig. 

5.8. 

 

Figure 5.63: Poole-Frenkel plots for iso_1NX () and dyn_1NX () LMW PFO ToF devices, at ca. 293 K. 
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We carry out the same type of opto-electrical measurements for the other three scenarios of 

photoconductive layer composition, and present their ToF transport results hereinafter, namely, 

Figs. 5.9 and 5.10 for LMW PFO loaded with 0.15 wt% of NX8000 nucleant; Figs. 5.11 and 

5.12 for neat LMW PFO; and Figs. 5.13 and 5.14 for LMW PFO loaded with 1 wt% DMDBS 

nucleant. 

 

Figure 5.64: Representative room-temperature (ca. 293 K) ToF transients for (a) isothermally-crystallised 

and (b) dynamically-crystallised photoconductive layers prepared from LMW PFO with 0.15 wt% of NX8000 

added. For each transient, the carrier transit time ttr (indicated by an arrow) was extracted by locating the 

point of intersection of two tangents (dashed thin lines) fitted to the pre- and post-transit regimes of the 

transient on the double-log scale. Offsets were applied to the transients for clarity and hence the photocurrent 

level is expressed in arbitrary units (a.u.). All ToF traces were acquired with tuning of the laser pulse intensity 

to avoid any space-charge effect (Q/Q0 < 15%). The layer thickness of each case is listed in Table 5.3. 

 

Figure 5.65: Poole-Frenkel plots for iso_0.15NX () and dyn_0.15NX () LMW PFO ToF devices, showing 

field-dependence of hole mobility for both cases at ca. 293 K. 
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Figure 5.66: Representative room-temperature (ca. 293 K) ToF transients for (a) isothermally-crystallised 

and (b) dynamically-crystallised photoconductive layers prepared from neat LMW PFO. For each transient, 

the carrier transit time ttr (indicated by an arrow) was extracted by locating the point of intersection of two 

tangents (dashed thin lines) fitted to the pre- and post-transit regimes of the transient on the double-log scale. 

Offsets were applied to the transients for clarity and hence the photocurrent level is expressed in arbitrary 

units (a.u.). All ToF traces were measured by varying the laser pulse intensity to avoid any space-charge 

effect (Q/Q0 < 15%). The layer thickness of each case is listed in Table 5.3. 

 

Figure 5.67: Poole-Frenkel plots for iso_neat () and dyn_neat () LMW PFO ToF devices, at ca. 293 K. 
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Figure 5.68: Representative room-temperature (ca. 293 K) ToF transients for (a) isothermally-crystallised 

and (b) dynamically-crystallised photoconductive layers prepared from LMW PFO mixed with 1 wt% of 

DMDBS nucleant. For each transient, the carrier transit time ttr (indicated by an arrow) was extracted by 

locating the point of intersection of two tangents (dashed thin lines) fitted to the pre- and post-transit regimes 

of the transient on the double-log scale. Offsets were applied to the transients for clarity and hence with 

photocurrent level expressed in arbitrary units (a.u.). All ToF traces were obtained with adjustment of the 

laser pulse intensity to avoid any space-charge effect (Q/Q0 < 15%). The layer thickness of each case is 

listed in Table 5.3. 

 

Figure 5.69: Poole-Frenkel plots for iso_1DMDBS () and dyn_1DMDBS () LMW PFO ToF devices, at 

ca. 293 K. 

We further summarise the extracted transient hole mobility set in Table 5.3, and provide the 

respective active layer thickness for each device scenario of different compositional and 

processing controls. 
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Table 5.3: Summary of extracted ToF hole mobility values (at ~300 V1/2 cm−1/2) for all semicrystalline LMW 

PFO devices prepared by following processing protocols specified in Table 5.2. Film thicknesses were 

determined using a DektakXT™ surface profilometer. We recognise that the field dependences of mobility are 

generally weak (albeit different) in all cases. 

Sample type 

reference code 

Layer thickness 

(µm) 
ToF µh (cm2 V−1 s−1) at ca. 300 (V cm−1)1/2 

iso_1NX 2.81 ± 0.12 ~2.5 × 10−3 

iso_0.15NX 2.55 ± 0.17 ~2 × 10−2 

iso_neat 2.77 ± 0.09 ~1 ×10−2 

iso_1DMDBS 2.79 ± 0.35 ~6 × 10−3 

dyn_1NX 3.15 ± 0.15 ~2 × 10−3 

dyn_0.15NX 2.88 ± 0.12 ~2 × 10−3 

dyn_neat 2.50 ± 0.22 ~2 × 10−3 

dyn_1DMDBS 3.12 ± 0.28 ~3 × 10−3 

 

First, we consider the case of neat LMW PFO without any nucleating agents applied. The ToF 

hole mobility obtained using dynamic crystallisation on neat PFO is ~2 × 10−3 cm2 V−1 s−1—a 

value which is approximately the same as reported in Chapter 4 for the ‘cold-crystallised’ 

HMW batch PFO, and as the annealed samples in Ref. [6]—while its isothermally-crystallised 

counterpart exhibits an ‘encouraging’ value of ~1 × 10−2 cm2 V−1 s−1 lying just slightly below 

the mobility extracted from the full glassy-state PFO (~3–4 × 10−2 cm2 V−1 s−1; Chapter 4). 

These transport results hint that prolonged isothermal crystallisation at a lower ΔT is able to 

promote the degree of crystallinity and the favourable fusion of larger crystalline domains for 

improved charge transport. See Section 5.4.5 for the relevant structural evidence. 

Next, we acknowledge the impact of crystallisation kinetics on transport. All compositional 

cases demonstrate that isothermal crystallisation at a low undercooling (ΔT ≈ 18 °C) leads to a 

higher mobility than dynamic crystallisation from melt (with 5 °C min−1 drop). In the case of 

the highest ToF hole mobility attained, with composition PFO + 0.15 wt% NX8000 

(iso_0.15NX), isothermal crystallisation improves mobility by a factor of ~10 compared to 

dynamic crystallisation and leads to the highest mobility (~2 × 10−2 cm2 V−1 s−1) of all the 

investigated cases. 
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The loading of nucleating agents clearly affects the hole mobility as well. PFO nucleated with 

0.15 wt% NX8000 exhibits ~tenfold higher mobility than for a higher (1 wt%) fraction of the 

same additive in the case of isothermal crystallisation. Also, we note that excessive loading of 

nucleants (1 wt%) lead to detrimental effect on mobility compared to neat PFO case under 

controlled isothermal crystallisation. These observations may be underlain by the expectation 

that a larger density of nuclei leads to a greater number of (on average, smaller) crystallites 

which, in turn, result in a higher volume density of grain boundaries that would hinder carrier 

transport. 

For the given selection of processing routes tested above, DMDBS appears to be a more 

efficient nucleating additive which result in slightly higher PFO ToF mobility than NX8000 

for the same fraction and crystallisation conditions, namely, samples iso_1DMDBS versus 

iso_1NX (~6 × 10−3 versus ~2.5 × 10−3 cm2 V−1 s−1) and dyn_1DMDBS versus dyn_1NX (~3 

× 10−3 versus ~2 × 10−3 cm2 V−1 s−1). We will reinforce this conjecture after inspecting the 

micrographs of the layers in the next Section 5.4.5. 

We also note that the addition of nucleating agent can place some impact on the apparent degree 

of hole transport dispersion. For instance, comparison between the ToF transients at similar 

fields for PFO + 0.15 wt% NX8000 and neat PFO after isothermal crystallisation (iso_0.15NX 

versus iso_neat) suggest that neat PFO layer exhibits a greater dispersiveness by featuring more 

‘crooked’, or ‘cascading’ transient shapes. This may be indicative of a relatively unfavourable 

DoS profile for transport in iso_neat layer in comparison with iso_0.15NX layer. We will 

elaborate on this topic in Section 5.4.6. 

The results also suggest that the adverse effect of selecting the dynamic crystallisation method 

(at the chosen rate of −5 °C min−1) outweighs the relatively subtler impact of the choice of 

nucleating agents and their loadings, which in the end leads to very similar ToF hole mobility 

values among all dynamically-crystallised layers, at ~2 × 10−3 cm2 V−1 s−1. 

5.32.5 Cross-Polarised Microscopy on Nucleated ToF PFO Layers 

With the impact of (nucleated) crystallisation on transient ToF hole transport elucidated in the 

previous Section 5.4.4, we now set out to supplement the results with microstructural properties 

of the layers, which we infer from cross-polarised light microscopy. 
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Figures 5.15–5.18 display cross-polarised light micrographs taken under transmission mode 

for all four compositions of the LMW PFO samples, with each compositional variant processed 

in three different ways, namely, (a) initial room-temperature as-cast (inevitably containing 

trace amount of β-phase due to kinetics of polymer–solvent interaction during solidification 

via spin coating); (b) isothermally crystallised at 146 °C; and (c) dynamically crystallised at a 

rate of −5 °C min−1 from 200 °C. (N.B. in both (b) and (c) cases, the metastable β-phase 

conformation is completely dissipated since this fully-planarised conformer with low solid-

state entropy is not able to withstand temperatures higher than ~80 °C [35].) Comparison 

between micrographs of as-cast and thermally-treated layers suggests that crystallites can be 

encouraged to grow by either of the two crystallisation routes for all compositional variants, 

and that the size of the crystallites attained is a strong function of the chosen nucleating agent 

and its loading, as well as the selected processing condition. In all four compositional cases, 

isothermal crystallisation leads to larger crystal sizes than the more prevalent dynamic 

crystallisation process, although the extent of difference in the apparent average crystallite size 

varies from case to case. Among all crystallised samples, whilst on average the smallest crystals 

of all are obtained from PFO loaded with 1 wt% NX8000 following dynamic crystallisation 

(dyn_1NX; Fig. 5.15(c)), the largest crystals are found in the case of PFO with 0.15 wt% 

NX8000 via isothermal crystallisation (iso_0.15NX; Fig. 5.16(b)). Note that increasing the 

amount of nucleating agent does not lead to formation of larger crystals since the densified 

nucleation centres hamper their desirable unrestricted growth (e.g. iso_1NX versus 

iso_0.15NX and dyn_1NX versus dyn_0.15NX). 

 

Figure 5.70: Cross-polarised light micrographs (50x) of ToF active layers deposited from LMW PFO plus 1 

wt% NX8000 nucleant, while following different processing routes: (a) as cast, subsequently (b) isothermally 

crystallised and (c) dynamically crystallised. All images are presented with individual scale bars. 

As-cast iso_1NX dyn_1NX

c)a) b)
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Figure 5.15(a) evidences that the ‘1_NX’ as-cast film already features some scattering centres 

which presumably comprise the fibril network of NX8000 nucleant plus thereby encouraged 

formation of β-phase entities, inferred from the overall areal portion of the anisotropy. Also, 

there is no significant contrast in the appearance of crystallised films when comparing Figs 

5.15(b) and (c), however one may still argue that the average crystal size in iso_1NX samples 

is subtly greater than that of dyn_1NX. Correspondingly, no significant difference is observed 

in their ToF μh magnitudes (Fig. 5.8) as iso_1NX is located just slightly above dyn_1NX. 

 

Figure 5.71: Cross-polarised light micrographs of ToF active layers deposited from LMW PFO and 0.15 wt% 

NX8000, while subjected to different processing routes: (a) as-cast (50x), subsequently (b) isothermally-

crystallised (5x) and (c) dynamically-crystallised (5x) films. When present, the inset provides further 

magnified image (50x) detailing the microstructure of each respective case. All images are embedded with 

individual scale bars. 

For Fig. 5.16 concerning the ‘0.15_NX’ series, the as-cast film (Fig. 5.16(a)) is isotropic since 

the additive fraction is too small to crystallise into discernible sizes following film deposition 

(cf. the 1 wt% NX8000 as-cast film which indicates crystallites, Fig. 5.15(a)). Isothermally-

crystallised film (Fig. 5.16(b)) features huge spherulites (typically ~150 μm in diameter, which 

is >> film thickness) with the characteristic ‘Maltese cross’ pattern. Their spatial density varies 

across the film due to sporadic/heterogeneous nucleation. These spherulites are clearly crystals 

of PFO because (i) NX8000 nucleating compound forms fibrils rather than spherulites, and (ii) 

the given amount and size of the spherulites cannot solely stem from the minute amount of 

NX8000 applied. We in turn observe increased ToF μh for the iso_0.15NX sample (~2 × 10−2 

cm2 V−1 s−1, which is almost on par with the value derived from PFO layers in its full glassy 

state, as shown in Fig. 4.17(b), Chapter 4). Dynamically-crystallised counterpart (Fig. 5.16(c)) 

is devoid of large spherulites, but exhibits conventional grain-like microstructure instead, as 

with the semicrystalline HMW PFO sample presented in Fig. 4.10, Chapter 4. 

As-cast iso_0.15NX dyn_0.15NX

a) b) c)
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Figure 5.72: Cross-polarised light micrographs of ToF active layers deposited from neat LMW PFO however 

treated with different processing routes: (a) as-cast (50x), subsequently (b) isothermally-crystallised (5x) and 

(c) dynamically-crystallised films (5x). When present, the inset provides a further zoom-in image (50x) for a 

closer look at the microstructure of each respective case. All images are embedded with individual scale bars. 

Figure 5.17 includes the three cases for neat LMW PFO, with subfigure (a) showing the as-

spun film in its (as expected) isotropic state; (b) showing isothermally-crystallised film with 

some regions (up to ~200 μm in size) featuring a distinct microstructure. These could plausibly 

be very poorly-ordered (i.e. irregular) spherulites formed under non-equilibrium conditions 

such that their growth is distorted by secondary nucleation, while the ‘premier’ version of 

spherulites was obtained in the case of ‘iso_0.15NX’ (Fig. 5.16(b)); and (c) for dynamically-

crystallised film which appears, again, in conventional grain-like microstructure. 

 

Figure 5.73: Cross-polarised light micrographs of ToF active layers deposited from LMW PFO plus 1 wt% 

DMDBS nucleant however applied with different processing routes: (a) as-cast (50x), subsequently (b) 

isothermally-crystallised (5x) and (c) dynamically-crystallised (50x) films. The inset for (b) provides a 50x 

image, thus enabling a closer look at the microstructure of that particular case. All images are presented with 

individual scale bars. 

As-cast iso_neat

a) b)

dyn_neat

c)

As-cast iso_1DMDBS

c)

dyn_1DMDBS

a) b)
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Figure 5.18 presents the set of cross-polarised micrographs for the ‘1DMDBS’ family. The as-

cast film manifests some semicrystalline structures. These optically-anisotropic entities 

presumably consist of the fibril network of DMDBS plus thereby encouraged formation of β-

phase segments, hypothesised based on the overall areal portion of the observed birefringence. 

Isothermally-crystallised film (iso_1DMDBS) features coarser-grained microstructure with 

larger crystalline domains, and higher ToF μh (~6 × 10−3 cm2 V−1 s−1) than the value from the 

identically crystallised film with equivalent wt% loading of NX8000 (iso_1NX, ~2.5 × 10−3 

cm2 V−1 s−1). This general contrast also holds valid when comparing dyn_1DMDBS with 

dyn_1NX on both the apparent average coherence lengths of their crystalline domains and their 

ToF μh values. These observations altogether hint that DMDBS is likely to be a more ‘efficient’ 

nucleant for PFO than NX8000 given an identical additive fraction. This postulate can be 

further backed by Table 5.1, based on which we note that the relevant DSC results indicate 

both a smaller ΔT and a larger enthalpy of fusion for the DMDBS case compared to the NX8000 

case. 

5.32.6 Proposed Explanations for the Structure–Transport Relationship of Nucleated 

PFO 

Here we attempt to link microstructure with intermolecular coupling and density of states for 

carrier transport. First, it is clear that the addition of nucleating agents can promote the 

crystallisation of PFO and that the magnitude of the effect depends on the specific thermal 

treatment. Using a small fraction of nucleating agent and isothermally crystallising PFO at a 

lower degree of undercooling (where chain transport/mobility term is enhanced; see Fig. 5.1) 

leads to the largest crystals, in this case (iso_0.15NX) in the form of spherulites of up to ~150 

μm in diameter: that is, substantially greater than, the active layer thickness. The appearance 

of larger crystals for a lower density of nucleating sites is expected from the basic principles 

of crystal growth kinetics. Taking all semicrystalline sample variants into consideration, the 

fact that by far the fastest ToF hole mobility (~2 × 10−2 cm2 V−1 s−1) is observed for the case 

with the largest crystals is consistent with the idea that carrier transport is fast within crystallites 

and for polycrystalline samples is limited by the rate of charge transfer across the disordered 

regions between poorly-coupled crystals. The apparent improvement in the shape of the 

photocurrent transients is also consistent with this notion, i.e. the density of states may contain 

a lower fraction of localised states when the volume fraction of disordered material in the 

transport path is lower. Altogether, these results suggest that it may be possible to increase the 
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hole mobility above the value of the glassy PFO samples studied in Chapter 4 by controlling 

the size of crystallites through judicious choices of molecular weight of the polymer, specific 

nucleating agent and its loading, and thermal treatment condition. Another really interesting 

note, from Table 5.1 via comparison of the enthalpies of fusion, is that the highest attainable 

ToF mobility is not necessarily demonstrated by films with highest degree of crystallinity, 

instead, the presence of abundant and huge (albeit heterogeneously distributed) high quality 

crystals seems to be the key enabler. This finding deems compatible with the concept of 

inhomogeneous, filamentary transport proposed or implied by many works [7,36–39]. 

We note also one rarely-considered [9] aspect of these commercial nucleating agents that may 

be important for future work, particularly in the cases when high loading fractions are used. 

The commercial NX8000 nucleating agent contains a small fraction of an undisclosed 

whitening agent—an organic small molecule. Optical spectroscopy of injection-moulded 

polyethylene plaques containing 0.25–2 wt% of NX8000 revealed an absorption band with its 

edge at 410 nm (i.e. Eg  3.02 eV; see Supplementary Information of Ref. [40]). Given that 

NX8000 does not feature any moieties with extended π-conjugation, this absorption onset has 

to correspond to the specific whitening agent used. Given that this unknown agent may, in fact, 

act as an electronic trap for PFO, subsequent work will need to employ purified, research-grade 

nucleating agents to avoid any ambiguities in the analysis of electronic transport phenomena. 

Finally, concerning the nucleation study on PFO, as an insightful extension we present our 

critical thinking on the use of the prevalent ToF mobility analysis to extract µh from these 

semicrystalline layers. 

Revisiting the usual approach to assigning the ToF carrier transit time 

In this Section, we evoke our findings on PFO study in Chapter 4 that emphasised the interplay 

between carrier motion and sub-bandgap DoS distribution in the out-of-equilibrium ToF transport, 

and present our ‘double-kink’ interpretation for the ‘crooked-shaped’ transients probed from 

isothermally-crystallised devices. 

In Fig. 5.19, we extract and replot the high-bias ‘isothermally-crystallised series’ transients 

(while excluding the iso_0.15NX case), where the dispersive transport appears to be more 

pronounced than traces obtained at lower bias values. 
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We compare this observation with Fig. 4.46 in Chapter 4, and argue that the set of dispersive 

hole transients in Fig. 5.19 might be alternatively analysed in a ‘double-kink’ manner upon 

careful inspection of the traces: with increasing electric fields, the shapes of these ‘iso series’ 

transients become overall more curved whilst gradually ‘sprout’ two subtle kinks, plausibly 

because the high field helps separate the temporal onsets of the transit time of fastest carrier 

packet and of the carriers thermally released from electronically localised crystalline domains. 

It appears that for these transients, an extra intermediate tangent can be fitted in addition to the 

pre- and post-transit regimes as in the conventional notion, hence providing two ‘transit times’, 

with each introducing a respective apparent mobility readout via Eqn. 3.5. 

The iso_0.15NX case, on the contrary, is mostly free from the above-mentioned phenomena, 

likely because of the presence of percolated chains within the closely-packed huge spherulites 

that facilitate fast carrier transport and minimise trapping. 

We present the results following this alternative ‘double-kink’ interpretation in Fig. 5.19. 

 

Figure 5.74: Alternative ‘double-kink’ interpretation for the ‘crooked-shaped’ transients obtained from 

isothermally-crystallised ToF devices at high bias voltages. For each of the chosen transient, two kinks were 

extracted by inserting an additional intermediate tangent fitted to the region in between the pre- and post-

transit regimes, as opposed to the usual practice of assigning transit time for ToF traces. Offsets were applied 

to the transients for clarity hence with photocurrent level expressed in arbitrary units (a.u.). All ToF traces 

were obtained with adjustment of the laser pulse intensity to avoid any space-charge effect in the opto-

electrical measurements. The layer thickness of each device is detailed in Table 5.3. 
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We tabulate the apparent mobility values extracted from the 1st and 2nd kinks in Table 5.4, for 

iso_1NX, iso_1DMDBS and iso_neat scenarios. Additionally, an average µh value is also listed 

for each kink. 

Table 5.4: Summary of the extracted ToF hole mobility (µh) values for each chosen scenario following the 

‘double-kink’ analysis. We argue that in each case the temporal position of the 1st kink corresponds to transit 

time (ttr) of the fast carrier packet, while the temporal position of the 2nd kink is associated with the thermal 

release of carriers from trapping sites stemming from isolated crystalline domains featuring a relatively narrow 

distribution of sub-bandgap DOS. It is worth noting that the average magnitude of the ‘apparent hole mobility’ 

extracted from the 2nd kinks is in excellent agreement with all the dynamically-crystallised counterparts at ~2 

× 10−3 cm2 V−1 s−1 (cf. relevant values in Table 5.3). 

Sample type 

ref. code 

ToF µh (cm2 V−1 s−1) 

inferred from the 1st kink 

(ttr of fast carriers) 

ToF µh (cm2 V−1 s−1) 

inferred from the 2nd kink 

(carrier detrapping from crystalline domains) 

iso_1NX ~8 × 10−3 ~1.5 × 10−3 

iso_1DMDBS ~8.5 × 10−3 ~3 × 10−3 

iso_neat ~1.9 × 10−2 ~3.5 × 10−3 

Overall ~1.2 × 10−2 on average ~2.6 × 10−3 on average 

 

Intriguingly, one can recognise that the average ToF µh from the 1st kinks of these ‘iso series’ 

devices closely approaches the µh from iso_0.15NX device, in which case fast carrier motion 

can be favoured thanks to the presence of overall densely-packed, huge (>> layer thickness) 

spherulites in the layer. This interesting observation leads us to speculate that after isothermal 

crystallisation, the devices concerned in Table 5.4 are highly likely to feature relatively inter-

connected crystalline domains for fast carrier motion, but with the extent of each case differing 

slightly as per selected processing route, and can be reflected from the respective extracted µh 

value. However, they still remain to possess significant portions of segregated crystalline 

regions for carrier trapping that, eventually translate to less-than-optimal DoS distributions and 

more dispersive transient shapes. 

Moreover, the average magnitude of the ‘apparent ToF µh’ from the 2nd kinks shows excellent 

agreement with µh values inferred from the dynamically-crystallised layers (cf. µh of the ‘dyn 

series’ in Table 5.3), which all feature conventional grain-like microstructures. We therefore 
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resonate with one of the key conclusions from Chapter 4 that, in such semicrystalline devices, 

the apparent transit times extracted using the conventional ToF mobility analysis signify—to a 

first order approximation (e.g. disregarding the Poole-Frenkel effect; Chapter 2)—carrier 

retention periods in the non-percolative, structurally-ordered domains, instead of any true 

carrier transit times. 

1.33 PFO KETO DEFECT STUDY 

5.33.1 Fabrication of Homogeneously Keto-Embedded ToF Layer 

In order to carry out time-of-flight photocurrent probe of PFO layers containing keto defects, 

we need to prepare homogenous films for the transport measurements. This is a potential 

difficulty, because ToF samples need to be optically-thick at the excitation wavelength, usually 

close to the peak of the extinction coefficient of the polymer. However, the photodegradation 

that induces the keto defects is also carried out using a UV wavelength close to the peak 

absorption. This means that the traditional procedure of inducing keto defects by illuminating 

a solid film would result in an inhomogeneous distribution of defects if applied to thick ToF 

samples due to the rapidly falling intensity of light with depth, following the Beer-Lambert 

law. Therefore, we applied a solution-based photodegradation treatment that was performed 

before spin coating the PFO layer (see Section 3.3.6 in Chapter 3 for details). The 

photodegradation treatment involves a continuous 365-nm UV radiation for ~20 hours. The 

solution was meanwhile kept stirring using a PTFE magnetic follower until finally getting 

pipetted from the vial for spin coating. In this way, the PFO bulk layer could be prepared with 

a homogeneous distribution of keto groups. Chain scission would also occur during the 

solution-based UV degradation process, as a result of the breaking of carbon–carbon bonds (we 

presume it could be either σ- or π-bonds). This effectively reduces the molecular weight profile 

of the ‘HMW’ material, as evident from the visually reduced solution viscosity after UV 

degradation in the presence of oxygen. The ‘HMW’ batch as in Chapter 4 was used throughout 

this keto defect transport study. 

5.33.2 Photophysical Manifestation of Keto Defect in PFO 

We characterised thick films spin cast from the solution-degraded polymer using 

photoluminescence and IR spectroscopy. Figure 5.20 compared the PL spectrum of a film cast 
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from solution-based degraded PFO with that of a glassy PFO film. The degraded samples show 

a broad and almost featureless green-band (commonly abbreviated as ‘g-band’) emission. The 

more pronounced the photodegradation, the higher the magnitude of the g-band relative to the 

intrinsic blue band emission. 

 

Figure 5.75: PL spectra on glassy (▬) and UV-degraded-solution-cast (▬) PFO layers. The UV treatment 

lasted for 20 hours in the present case. 

Based on the relative emission band ratio of g-band to intrinsic S1→S0 0-0 transition of PFO 

(being ~1:1), we could estimate that the concentration of induced fluorenone defect to be 

approximately 10%, based on the PL data set by Romaner et al. [12] presenting various 

concentrations of fluorenone moieties statistically polymerised with fluorene moieties via 

Yamamoto coupling reaction [27]. 

Our recorded g-band emission spectrum differs minorly from keto-embedded PFO films that 

have been degraded from the solid state: its peak position is slightly red-shifted compared to 

the average positions reported previously. This phenomenon could potentially result from one, 

or a combination of several mechanisms, including, but not limited to (i) the densification of 

the polymer with on-chain keto defects in the film, relative to the solid-state degradation case 

due to the removal of alkyl side chains; and (ii) interaction of toluene solvent molecules or the 

detached alkyl side chains with broken polymer backbones in the presence of oxygen, and 

subsequent formation of unspecified (plausibly, e.g. carbonyl-present) chemical by-product(s) 

during the solution-based UV degradation process. 
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Note also that the signature of the β-phase is absent from the PL spectra. This reassures us of 

the maximal suppression of β-phase formation in films fabricated for our keto defect study. 

To characterise the presence of keto defects we also carried out attenuated total reflectance 

(ATR) mode Fourier-transform infrared spectroscopy (FTIR), with the aim of observing the IR 

band at ca. 1720 cm−1 that stems from the carbonyl stretching mode. FTIR is necessary since 

the keto defect is not Raman-active due to its large electric dipole moment. However, the ca. 

1720 cm−1 carbonyl-stretching band was barely visible in the reflection-mode FTIR (measured 

at ICMAB-CSIC with Dr. Bernhard Dörling from the research group of Dr. Mariano Campoy-

Quiles). The weak signal (not shown here) was insufficient to quantify the volume fraction of 

keto defect and correlate to measured transport phenomena. 

 

Figure 5.76: FTIR spectra. 

The above photophysical behaviour indicate 

• broad green-band excimer emission from layers cast from UV-degraded solution showed 

red-shifted peak (by ca. 15 nm) relative to performing degradation from solid-state film 

• the >C=O IR stretching mode also red-shifts in wavenumber (by ca. 60 cm−1) relative to the 

case where degradation was carried out using solid-state film 

The difference between the two degradation routes could stem from a closer average 

fluorenone-fluorenone inter-molecular spacing via casting from degraded solution, this will 

accord with both the above two observations, as effectively the π-system gets more spatially 

delocalised. Photodegradation onto thin films would hinder such closer dimerisation (or more 
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broadly, aggregation) of the defect moieties due to limited chain mobility/flexibility in the solid 

state. 

1.33.3 Impact of Keto Defect on PFO Hole Transport 

Time-of-flight photocurrent 

We carried out ToF hole mobility measurements on devices made from solution-degraded PFO 

at temperatures between 170 K and 293 K. Figure 5.21 shows room-temperature (ca. 293 K) 

transients at different applied bias for a 1.8-micron-thick device, under (a) high (therefore 

inducing space-charge effects) and (b) typical low levels of optical excitation. In the transients 

following typical low excitation a cusp in the transient is clearly visible. Interestingly, the cusp 

is similar at much higher excitation levels (b) and also persists to high bias. These trends 

suggest that the cusp is not simply a result of the photogenerated charge density overwhelming 

the amount of charges held by the geometric capacitance of the device and with the transport 

becoming affected by space charge, since in that limit the effect would reduce at lower 

excitation levels or at large biases. Figure 5.22 shows that the cusp grows with increasing 

temperature. This seems to suggest that the phenomenon may involve a release of holes from 

relatively well-defined defect states analogously to the case of β-phase conformational defects 

embedded in PFO in Chapter 4. However, the PL spectra (Fig. 5.20) suggest that we could rule 

out the presence of β-phase in the keto-embedded layers. Therefore, the occurrence of cusps in 

the keto-embedded PFO transients should be attributed to a different origin. 

The occurrences of cusps in ToF transients were previously observed by Ochse et al. [32], Im 

et al. [41], Laquai et al. [42], more recently by Liu et al. [43], as well as in Chapter 4 of this 

work (see Section 4.11) and by Foster [44] both on β-embedded LMW PFO devices which we 

attribute to a ‘time-of-release’ process. We note that in Refs. [32,41,42], the material systems 

studied all possess oxygen-atom-involved chemical groups such as ether and ester bearing large 

electric dipole moments. When a charge-generation layer (CGL) is adopted [41,42], the authors 

ascribed the origin of cusps to photogenerated charges being injected energetically into the tail 

of the distribution of localised states, that take part in charge transport (i.e. the ‘ODoS’ picture), 

at a given temperature, instead of directly into the equilibrium transport energy level. However 

in the case where an extra CGL is absent from the devices [32], the authors claimed the cusps 

stem from delayed charge generation involving impurities such as oxygen or water, or from 

trapping effects next to the front electrode. 
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Figure 5.77: Comparison of ToF transients for a 1.8-micron-thick device—fabricated using PFO introduced 

with keto defects by photodegradation in solution—measured under (a) high and (b) low laser excitation 

intensities. Both panels are plotted in the same double-logarithmic scale and share the same time axis. The 

photocurrent levels for both cases are absolute. The data suggest nearly independent temporal positions of 

cusps irrespective of optical excitation level, especially at high biases e.g. exceeding 12 V. 

 

Figure 5.78: ToF photocurrent transients for the same device as in Fig. 5.21, measured at different 

temperatures under low laser pulse intensity and at a controlled bias of 10 V. The transients are plotted on 

the linear-linear scale. The plots show the ‘cusp’ size increasing as temperature elevates. 
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Figure 5.23(a) shows the temperature- and field-dependent ToF hole mobility (µh) for the keto-

embedded PFO device, while Fig. 5.23(b) shows the zero-field µh as a function of temperature, 

extracted using GDM analysis [45]. The ToF µh for the keto-embedded sample at temperatures 

larger than 260 K could not be easily determined due to the increasingly pronounced cusp sizes 

with the increase of temperature, and hence the cusp coincide with (thus mask) the carrier 

transit times. The 260 K (highest temperature set measured) transient µh is ~10−2 cm−2 V−1 s−1 

at a moderate field strength of 300 V1/2 cm−1/2, almost exactly matching the value for isotropic 

glassy PFO layers probed at the same conditions (cf. Fig 4.18, Chapter 4). We note that µh 

values inferred from other lower temperatures show a sound agreement with respective values 

from glassy layer as well, especially in the region of low to moderate fields. However, a slightly 

weakened field-dependence of µh can be noticed for the keto-embedded sample. This overall 

uncompromised mobility level suggests negligible impact of the keto defects on hole trapping, 

as opposed to the strong effect of β-phase defects. Moreover, GDM analysis of the data shown 

in Fig. 5.23(b) suggests that the extracted energetic disorder parameter is even slightly smaller, 

rather than larger, than for the pristine glassy sample. Although the GDM must be used with 

caution, the temperature-dependent transport data do not indicate any substantial broadening 

in energetic disorder upon introduction of—as in our case—ca. 10% of embedded keto defects. 

Note that in Fig. 5.23 the hole transport at temperatures as low as 170 K ‘fades away’ and 

constitutes an outlier in the GDM analysis scatter plot. We do not consider this low-temperature 

outlier in the analysis. 

 

Figure 5.79: a) Temperature-dependent time-of-flight hole mobility on keto-embedded PFO device, plotted 

as a function of E1/2 (the Poole-Frenkel presentation), and b) corresponding energetic disorder analysis within 

the framework of the Gaussian disorder model. Interestingly, the obtained disorder breadth (~68 meV) is 

slightly lower than that of the pristine glassy device (~76 meV) shown in Fig. 4.19, Chapter 4. 
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Further to the above GDM analysis, as for an estimate of the depth of a potential trap state 

(with the assumption of it having a quite distinct energetic distribution), we analyse the 

temperature-dependent zero-field ToF µh set alternatively using an Arrhenius plot. In this way, 

the data yield an activation energy (Ea) of ~0.22 eV (Fig 5.24). We note that the transport 

activation energy must include a contribution from the hole polaron reorganisation energy as 

well as from the disorder in hole site energies, therefore only part of the activation energy 

should be assigned to the energetic disorder. The Ea derived for glassy PFO is very similar 

(~0.25 eV; Chapter 4), and while this number certainly cannot be taken as a complete 

representative of the density of states, the data do not provide evidence for additional deep 

traps arising from the presence of keto defects. 

 

Figure 5.80: An activation energy (Ea) of ~0.22 eV is estimated for keto-embedded sample from Arrhenius 

plot. It is worth noting that this value is very similar to the Ea extracted in the same fashion for pristine glassy 

PFO layer (~0.25 eV, see Fig. 4.35 in Chapter 4). 

Current density–voltage hysteresis in hole-only devices 

Further insight into the nature of hole transport in keto-embedded PFO films is obtained from 

steady-state current density–voltage (J–V) measurements on asymmetric hole-only devices. 

Figure 5.25(a) shows J–V curves for a ~900-nm-thick keto-embedded PFO film sandwiched 

between Au/MoOx and ITO/PEDOT:PSS contacts. The data were obtained by sweeping a 

relative positive bias on the Au/MoOx Ohmic contact from which a hole current was injected 

through. The initial forward scan differs drastically from the following first reverse scan, and 

from subsequent forward and reverse scans which overlap well with the first reverse scan. (As 

a side note, in our measurements, the typical time lapse between commencing a reverse scan 

and the end of a forward scan is ~5–8 seconds.) The hysteretic behaviour is reminiscent of J–
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V curves presented in the study of Kuik et al. [28], indicating also readily discernible hysteresis 

between the forward and reverse scans. 

 

Figure 5.81: (a) Current density–voltage (J–V) curves for an asymmetric hole-only device with a ~900 nm 

thick keto-embedded PFO layer. The chosen hole-only device configuration persists to be Au/MoOx/PFO 

layer of various types/PEDOT:PSS/ITO, just as the structure in Chapter 4. The Au/MoOx contact was 

positively biased relative to PEDOT:PSS/ITO for Ohmic injection of holes (i.e. ‘forward bias’). A strong 

hysteresis is evident between the initial forward and subsequent reverse scans. After this, the subsequent 

forward scan curve almost overlaps with the reverse scan trace. (b) Forward-bias J–V curves taken from Fig. 

4.30(a) in Chapter 4, showing negligible hysteresis for non-degraded HMW PFO hole-only devices of either 

pristine glassy or β-embedded type. We note that the LMW devices in Fig. 4.40 also show hysteresis-free 

behaviour. 

Interestingly, however, we have also noticed that the device was able to fully recover and hence 

exhibit the initial forward reverse scan trace once allowed to rest under dark, and inert 

atmospheric condition for a prolonged period, e.g. 24 hours (as we have tested). This intriguing 

‘recoverable’ hysteretic behaviour suggests that some slow relaxation/reorganisation process 

would have occurred in the keto-embedded layer after the bias stress cycles imposed by J–V 

scans. 

5.33.4 Discussion 

In the above, we have measured time-of-flight photocurrent transients for PFO films embedded 

with keto defects, and analysed the data using the Gaussian disorder model (however with 

reservations). The temperature-dependent hole mobility values agree well with those of glassy 

PFO and with the degrees of energetic disorder inferred from both GDM and Arrhenius 

analyses being slightly smaller. The transients show pronounced cusps that persist even under 
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low laser pulse intensity (Q/Q0 ~15%), at temperatures above ca. 260 K. We then measured 

steady-state J–V curves on hole-only devices and observe a strong ‘recoverable’ hysteresis 

effect during the first forward and reverse scans under forward bias (i.e. with hole injection 

from Au/MoOx). 

We first address the origin of the cusps in the transients. The insensitivity of the cusp feature 

to light intensity and field, as well as its positive dependence on temperature, suggest that the 

cusp is not a result of space-charge-limited effect in the ToF device, as one would commonly 

suspect at the first instance. The alternative origin of emission from trap states, as observed for 

β-embedded samples in Chapter 4, is not supported due to the absence of any strong trapping 

effects on the hole transport in comparison with glassy PFO. Therefore, we propose another 

origin for the occurrence of cusps in the photocurrent transients for keto-embedded PFO ToF 

devices, as follows. 

First, we note that the transient current signal detected in the external circuit from a time-of-

flight photocurrent experiment is a displacement current, which reflects the change in the 

internal electric field due to the moving packet of charge through the photoconductive 

medium [46–49]. In Ampere’s law cast in its differential form, the displacement current density 

is given by the second term on the right-hand side, which is highlighted in blue: 

 
t

 = +



J

D
H  (5.1) 

where H represents the magnetic field strength, J the steady-state current density and D the 

electric displacement field. The D term can be expanded as follows: 

 0= +D E P  (5.2) 

where E represents electric field, P polarisation density of the dielectric medium and ε0 the 

permittivity of free space. 

In the case of a linear, homogeneous, and isotropic dielectric medium with instantaneous 

response to changes in the electric field [50], 

 0 0 e 0 r(1 )     = + = + = =D E P E E E  (5.3) 
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where χe is the electric susceptibility of the medium,  the permittivity of the medium and r 

the dielectric constant or relative permittivity. This definition requires the polarisation of the 

medium to respond instantaneously with the time-varying electric field. However, there is 

likely to be a slow component of the polarisation response in keto-embedded PFO films due to 

the large dipole moment attached to the on-chain keto defect, which may respond to changes 

in the local electric field in order to align with the local electrostatics—as the charge packet 

transit across—to minimise energy. Such geometrical reorientation/reorganisation will occur 

on time scales for torsional fluctuation of the polymer and will therefore be slow relative to the 

electronic transport and electronic part of the dielectric response. Therefore, we propose that 

the cusp observed in the photocurrent transient may result from the non-instantaneous change 

in polarisation of the medium, due to the slow transient reorientation response of the molecular 

dipoles with the speed of which certainly being modulated as a function of temperature (cf. Fig. 

5.22). It is intuitively expected that keto units will be more liberated to ‘flip around’ at higher 

temperatures, therefore giving rise to more pronounced cusps as they reorient their molecular 

dipoles to respond to the rapid change of local electrostatics during transit of charges. Relevant 

temperature-dependent molecular dynamics studies to explore along this notion are currently 

being carried out, with group member Dr. Anne Guilbert. 

Next, we concern the prolonged hysteretic steady-state J–V behaviour. Following the above 

hypothesis, we further argue that the dipolar reorientation (to impede the forward-bias electric 

field) is established/aligned primarily during the first initial forward scan, then it hardly 

changes during the course of subsequent sweeping cycles, unless the measurement is switched 

to reverse bias which would reverse the direction of the applied field and hence the dipole 

alignment. However, if the hole-only devices were allowed to rest without any applied bias at 

room temperature, slowly the dipole moments in the film would reorient and favour a 

minimised overall potential energy. We propose to further investigate this dipolar reorientation 

idea using dielectric loss spectroscopy. 

Finally, we concern the impact of keto defects on energetic disorder in the hole transport 

landscape in PFO. Our experimental observations point towards, an almost unaffected degree 

of energetic disorder for hole transport as a result of keto defect. This is in contrast with the 

few prior studies that indicated strong negative effect of keto defects on hole mobility [28,29]. 

Since in this case the effect of β-phase on hole mobility can be unambiguously eliminated, we 

propose that in those prior reports the strong trapping behaviour that was assigned to the 

presence of keto units in PFO should in fact be attributed to the unintentional presence of β-
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phase in the studied samples. At the time of those prior studies, the strong influence of β-phase 

on charge transport had not been recognised and established. We further correlate the 

experimental findings with quantum-chemical calculations of the effect of the defect on the 

HOMO/LUMO energies and the electronic coupling. These calculations were performed by 

group member Beth Rice using density functional theory, with the B3LYP functional and 6-

31G* basis set. Figure 5.26 shows that while the inclusion of an on-chain keto defect onto an 

oligofluorene is expected to depress the LUMO by over ~0.5 eV, the effect on the HOMO is 

relatively minor. In fact, the simple calculations suggest that the HOMO of the keto defect 

would also be slightly deeper than the oligofluorene with no defect, but these calculations do 

not consider the effect of the molecular environment on the site energies and hence more 

detailed calculations would be needed to establish this. If the HOMO is depressed, the defect 

would tend to act as a scattering centre [33,51,52] for charge carriers (as related to the slightly 

weakened field dependence of hole mobility from keto-embedded layers; cf. Fig. 5.23(a) versus 

Fig. 4.18, glassy case) rather than a trap, however, the shift in HOMO energy is small. 

 

Figure 5.82: Density functional theory (DFT) calculations of HOMO and LUMO energies of oligofluorenes as 

a function of number of repeat units N, with () and without () a keto defect on the central monomer. The 

right-hand panel (b) shows that the keto defect strongly reduces the LUMO energy, while the left-hand panel 

(a) shows that the defect very slightly reduces the HOMO energy, which would destabilise holes. 

A possible cause of energetic disorder in the presence of keto defects would be the effect of 

the strong dipole on the defect, either by inducing disorder in site energies due to electrostatic 

(charge–dipole) interactions or by causing dimerisation of chains (due to a pair of keto defects 

or even a non-defective fluorene chain via an induced dipole effect [53]) with a corresponding 
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stabilisation of the molecular orbitals. These mechanisms need to be explored in more detail 

with the aid of simulation and complementary experiments. 

1.34 CONCLUSIONS AND IMPLICATIONS 

In this Chapter, we have addressed the impact of two types of structural inhomogeneity, one 

microstructural and the other chemical via degradation, on charge transport in PFO. 

In the first study, we used nucleated crystallisation in an attempt to increase the time-of-flight 

photocurrent hole mobility of semicrystalline PFO above the level of values that have been 

observed previously (~10−3 cm2 V−1 s−1 [6,7]) and towards the level observed in Chapter 4 of 

this Thesis for neat glassy-state PFO. The rationale here is that at some volume fraction of 

crystalline material, where the crystalline phase becomes percolating rather than trapping, hole 

transport may be expected to exceed the value for glassy polymer. In this study on the control 

of microstructure using nucleating agents we observed that both the choice of loading fraction 

of nucleating agent and the crystallisation kinetics matter for the resultant microstructure (and 

therefore hole transport properties) after thermal annealing. The study showed that in the best 

case, of low volume fraction of nucleating agent and isothermal crystallisation, the ToF hole 

mobility could be raised by approximately an order of magnitude to 2 × 10−2 cm2 V−1 s−1, which 

is comparable with but just slightly lower than the best value obtained for ToF hole mobility 

in glassy PFO. By optimising the choice of nucleating agents and their loadings it may be 

possible to further improve the hole transport properties of the processed layer, with the 

objective of establishing better connected pathways for charge-carrier transport though the 

crystalline phase. 

Wide-angle X-ray diffraction technique to estimate the typical crystallite coherence length for 

each cases. 

In the second study, we investigated the effect of photodegradation-induced on-chain keto 

defects, recognisable from their spectroscopic properties, on hole transport in PFO by means 

of steady-state J–V probe and time-of-flight photocurrent technique. Whilst the expected effect 

based on prior reports was to reduce the ToF hole mobility, neither a significant reduction in 

mobility was observed, nor were any significant effects on the probed degree of energetic 

disorder. This is compatible with our expectation from theoretical quantum-chemical 

calculations that keto defects affect primarily the electron transport levels rather than the hole 
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transport levels in oligofluorenes containing an on-chain fluoronone moiety. Despite this, we 

recognised that the potential effect on hole mobility may be related to a small, polarisation-

induced increase in energetic disorder, and/or carrier scattering due to the large intrinsic dipole 

moment of the keto defects. The study also suggests that previous reports concluding the keto 

defects strongly affected hole transport may have been based on PFO samples that were 

contaminated with other structural traps such as the β-phase conformer. The final interesting 

note is that, we have put forward an alternative explanation for the occurrence of cusps in time-

of-flight measurements for materials bearing significant intrinsic dipole moments. 
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Chapter Ⅵ 

On the Structure–Property Relationship of 

an Indacenodithiophene-alt-benzothiadiazole Copolymer 

As how Prof. John R. R. Tolkien has ‘envisaged’ transport in IDT–BT-like high-µ polymers [1]— 

‘The Road goes ever on and on, 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow, if I can! 

Pursuing it with eager feet, 

Until it joins some larger way, 

Where many paths and errands meet. 

And whither then? I cannot say’. 
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1.35 SUMMARY 

The study presented in this Chapter constitutes a step towards understanding the optimal 

material and microstructural property requirements (relating to both good intra- and inter-

molecular couplings) for charge transport whilst maintaining mechanical flexibility of the layer 

and possibly further a respectable fluorescent quantum yields. In this Chapter, we have used 

an alternating donor–acceptor (D–A) type copolymer, C16IDT–BT, which favours adaptation 

to such sort of microstructure under normal processing conditions, yet it stays relative robust 

once was subjected to, e.g. thermal treatments on its solid-state thin films. 

By combining photophysical and vertical-mode electrical probes, we demonstrate that it is 

actually not that ‘trap-free’—as being proclaimed by Venkateshvaran et al. [2]—especially 

when considering its transport properties along the vertical direction through the bulk layer. 

We note this could have something to do with the preferential orientation of the C16IDT–BT 

backbones. For instance, if vertical-mode carrier transport happens to occur along 

predominantly the π-stacking direction, the average charge transfer rate would be on average 

penalised compared to that of the intra-chain propagation direction (along the backbone). 

Also, the findings reminisce what we have argued in the previous Chapters 2 and 4 that 

experimental apparent mobility manifests as a function of charge carrier density when energetic 

disorder is present. 

With what we have learnt from this seemingly ‘magical’ indacenodithiophene-based donor-

acceptor copolymer, we make a hypothetical extension to β-phase in PFO, and discuss under 

what circumstance(s) PFO might achieve higher charge-carrier mobility, and then we 

generalise the thoughts further to the whole class of conjugated polymers. We also 

acknowledge the intrinsic properties of the PFO material (e.g. substantial amount of induced 

β-phase could impose problem in terms of film thickness uniformity), which might repel the 

system from achieving the high carrier mobility goal. 

We reiterate the importance of modes of device operation on reflecting the intrinsic material 

properties. Example factors include induced carrier concentration, mode of device response 

(steady-state or transient), etc. 
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1.36 BACKGROUND AND MOTIVATION 

We first inspect the chemical structure of C16IDT–BT polymer, as shown in Fig. 6.1. 

This implies directly a high backbone rigidity for the polymer—an example of ‘hairy-rod’ class 

polymers (albeit not quite ‘straight rod’ as per single monomer). (Relevant Refs. on backbone 

rigidity and relation to chemical structure, for instance, a paper by Jackson et al. [3].) 

  

Figure 6.83: Chemical structure of the indacenodithiophene-alt-benzothiadiazole copolymer with 

dihexadecyl side chains (C16IDT–BT). The monomer features a relatively long length of ~16.4 Å along the 

backbone direction and a co-linearity of the σ-bonds preceding and succeeding each monomer. A 

consequence of this co-linearity is that an IDT–BT backbone with a given contour length exhibits almost the 

same transition dipole moment irrespective of adapting either all-trans or all-cis configurations. Moreover, the 

theoretical persistence length of the polymer chain based on a simple treatment (assuming extremely stiff 

bonds) would be infinite [4]. 

We proceed by conducting a brief literature survey of C16IDT–BT, and present the key 

arguments and notable points with respect to electronic transport (Section 6.2.1), photophysical 

(6.2.2), structural (6.2.3) aspects of the material. We complete the present introductory Section 

to C16IDT–BT by outlining the motivations of our study based on the relevant prior research. 

6.36.1 Electronic Transport Aspects 

Venkateshvaran and co-workers have claimed [2] that the C16IDT–BT polymer is ‘actually 

behaving electronically as if they were free of disorder, despite their amorphous 

microstructure’. However, in order to investigate conformational disorder in C16IDT–BT, 

besides optical spectroscopies, electronically what they performed (including field-effect 

transistors and field-effect-modulated Seebeck measurements) were all based on lateral-mode 

charge transport at a semiconductor/dielectric interface, where the strong accumulation of 
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charge-carrier density could be induced by gate potentials. The reported field-effect mobility 

of C16IDT–BT ranges within ~1–3 cm−2 V−1 s−1 [2,5,6]. 

C16IDT–BT exhibits a lack of discernible thin-film crystallinity (which is good from the 

mechanical perspective for being more flexible), and comes with a preferred ‘face-on’ stacking 

orientation of the backbone with respect to the substrate, and relatively not-too-small π-π 

interaction distances (~4 Å, which is got to do with the ‘massive’ out-of-plane, high density 

dihexadecyl side chains—two pairs per IDT–BT monomer!). 

The ‘massively’ long hexadecyl alkyl chains possess a huge space of conformational freedom 

and are therefore inevitably associated with a substantial amount of structural (side-chain, plus 

backbone) disorder, that ultimately leads to the ‘macroscopic’ near-amorphous microstructure 

of C16IDT–BT with no obvious long-range order. The amazing fact is that the material managed 

to maintain ‘a planar, torsion-free backbone conformation that is surprisingly resilient to side-

chain disorder’ [2]. 

Once applied in BHJ OPV cells attempts, significant phase segregation occurs for C16IDT–BT 

and PC71BM, leading to poor device performance [7]. This implies that long side chains are 

detrimental for applications where an inter-penetrating bi-phase need to be well mixed but are 

less problematic for charge transport, presumably due to the important role of intra-chain 

transport. 

It may be worth pointing out that normally linear side chains are more forgiving than branched 

ones with regard to promoting polymer chain ordering. What they would do is tend to isolate 

the backbones for sure, but they could still potentially align like lipids despite being long. 

Limited not only to the likelihood of helping main backbone become more planarised than 

shorter side chains can assist, the ‘fatty’ side chains can also act as better vibrational ‘dumper’ 

to impede dynamical fluctuation of the sparsely dispersed backbones at a given temperature [8–

10]. 

Previous literature has also documented the low conformational disorder along the chain, we 

outline them herein in the forthcoming paragraphs. (note that we also have arranged a set of 

results to support this in the incoming Sections 6.5 and 6.6) 

It has been proposed that the dominant charge transport mechanism for the C16IDT–BT is along 

the polymer backbone, which minimises inter-chain hopping, and hence results in robust device 

characteristics. [2,11] Likewise, prior to the publication of Ref. [2], Zhang et al. first proposed 
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the material to have quasi-1D transport along the backbone, with occasional π-stack to adjacent 

chains [5]. However, we understand that this does not imply inter-chain hopping events are not 

relevant/important, we still need fast inter-chain π-bridges – after a retrospective detour in the 

available literature, we note that, this is, in a broad sense, compatible with the ideas from 

Athanasopoulos et al. [12], brought out in the year of 2007, that suggests that the points of even 

closest electronic contact between chains remain still rate-limiting factors for bulk-mode 

charge transport, with the possibility that positional disorder in polymer chains may even help 

promote mobility in certain cases. To the best of the author’s knowledge, Ref. [12] can be 

counted as (one of) the pioneering publications implying that high mobility may be achievable 

in dilute networks of polymer chains, provided that are sufficiently stretched and in contact. 

Figure. 6.2 presents molecular dynamic (MD) simulation of the backbone conformation of 

C16IDT–BT in the amorphous state, retrieved from the work of Ref. [2]: overall, IDT–BT 

backbone adopts a ‘wavy’/wiggly however largely torsion-free conformation. With the side 

chains omitted in the presentation, one is able to appreciate the relatively low chain density in 

the solid-state volume. We will briefly touch upon how this microstructural arrangement would 

impact the photophysical properties, in Section 6.5. 

 

Figure 6.84: Simulation of the backbone conformation of C16IDT–BT in the amorphous morphology. The side 

chains and hydrogen atoms are omitted for clarity. One could appreciate the impact of the high density of 

hexadecyl chains on de-densification of the polymer chains within a given volume. A single backbone from 

the simulated ‘unit cell’ has been highlighted in yellow (though without apparent optimal π-stack linkage to 

other adjacent chains). Figure taken from [2]. 
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6.36.2 Photophysical Aspects 

Given by its near-amorphous morphology, this copolymer potentially could be an ideal 

candidate for electroluminescence purposes in the infra-red region [13]. Since if otherwise, 

photoluminescence quantum yield (PLQY) would be quenched by ordering, this could give 

rise to non-emissive decay of inter-molecular excited states. 

Vezie et al. [4] have demonstrated the exceptionally high optical absorption strength of IDT–

BT polymer (dioctyl chain version). A simple treatment on the ‘theoretical’ persistence length 

of C16IDT–BT would be very high (→ ), due to the backbone rigidity of IDT–BT if adapting 

either trans or cis geometric isomeric configuration, and the co-linearity of inter-monomer 

single-bond linkages. Conceptually, the high persistence length of the backbone translates to 

large oscillator strength fosc, and macroscopically giving rise to an exceptional ability of optical 

absorption (i.e., by featuring a high extinction coefficient κ). 

6.36.3 Structural Aspects 

Concerning structural and phase properties of the polymer, Zhang et al. reported in the 

supplementary information of their paper (Ref. [6]) that, C16IDT–BT exhibits no discernible 

thermal transitions in solid-state differential scanning calorimetric characterisations. 

Furthermore, C16IDT–BT thin films are reported with only weak and broad low-order lamellar 

and π-stacking peaks [5,6]. 

We close the present background Section by outlining the motivations of our study based on 

the above summary of the relevant prior research, in the following Section. 

6.36.4 Motivations 

Our research question and motivation for this Chapter are to find the extent to which we could 

interrogate, and hence check to which extent we can confirm, the ‘trap-free’ behaviour of 

C16IDT–BT and how that relates to its chain conformation and solid-state microstructure 

(following ideas developed in Chapter 4). This specifically concerns what are roles of the inter- 

and intra-chain couplings on the material properties. To tackle this, we combine optical 

spectroscopic, structural and electrical probes to elucidate its performance–structure 

relationship. 
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An additional point to be checked upon is the transport directionality relative to the preferred 

chain orientation within the layer (i.e. π- or intra-chain direction). This directionality, once 

coupled with limited amount of π-stacking will impact charge transport and the apparent 

observation of the degree of electronic disorder of the material. 

1.37 SCOPE OF THIS CHAPTER 

The primary research question addressed in this Chapter is to establish the extent to which we 

could confirm the reported trap-free behaviour of C16IDT–BT and how that relates to its chain 

conformation following ideas and alike methodologies that we have developed for the study 

presented in Chapter 4. We approach this open question by using transient and steady-state 

hole mobility measurements as well as a suite of complementary spectroscopic and structural 

characterisation to evaluate the degree of structural order or disorder. 

One point to note is that here we address transport in the vertical direction (i.e. perpendicular 

to the expected preferred chain orientation within the layer. This directionality, once coupled 

with limited amount of π-stacking will impact charge transport and the apparent observation of 

the degree of electronic disorder of the material. Prior reports of trap-free property addressed 

transport in the lateral rather than vertical direction [2], if not to further mention the vastly 

different carrier density conditions. 

To summarise, in the present Chapter work which concerns the C16IDT–BT polymer, we 

combine optical spectroscopic, structural and electrical probes to elucidate its performance–

structure relationship. 

Before presenting our own results for the present C16IDT–BT study, which is covered in 

Sections 6.5, 6.6 and 6.7, methods local to the study are given in Section 6.4 below. 
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1.38 METHODS 

6.38.1 Materials 

Table 6.1 summarises the molecular weight profile of the C16IDT–BT material used in this 

study. HPLC-grade chlorobenzene was used as solvent throughout C16IDT–BT sample and 

device fabrication. 

Table 6.1: Molecular weight properties of the C16IDT–BT polymer used. 

C16IDT–BT 

batch No. 

Mw 

(kg mol−1) 

Mn 

(kg mol−1) 
PDI Supplied by 

WZ/14/061 195 64.5 3 
Prof. Iain McCulloch’s Group 

at Imperial College & KAUST 

 

6.38.2 Thin Film Making at Institut de Ciència de Materials de Barcelona (ICMAB) 

Fabrication of C16IDT–BT thin films were performed at ICMAB for on-site photophysical 

measurements including Raman and VASE. Two film deposition routes were followed: normal 

spin-coated (by using a POLOS Spin 150i spin coater), and blade-coating which enable to films 

to feature thickness gradients (accomplished by using a home-built acceleration controlling 

unit for the blade motion, see Ref. [14] for details). 

6.38.3 Transient Space-Charge-Limited Current 

For detailed experimental practices of t-SCLC method, the reader is redirected to Section 3.5.4. 

Hole-only device comprised of layer stack ITO/Pt/C16IDT–BT/MoOx/Au were made for both 

t- and steady-state SCLC measurements in this study. In t-SCLC, hole injection was chosen to 

be achieved by positively biasing the MoOx/Au top contact relative to the ITO/Pt side. 

1.39 PHOTOPHYSICAL AND STRUCTURAL PROPERTIES 

6.39.1 Absorption and Photoluminescence 
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Figure 6.3 shows that C16IDT–BT exhibits two main absorption bands due to both the π–π* 

transition (S0→S1 0-0 transition peaks at ~670 nm, with 0-1 vibrational sideband manifesting 

as a second ‘bump’) and the second electronic transition which we assign to intra-molecular 

charge transfer (peaks at ~415 nm) due to the donor–acceptor (push-pull type) chemical 

structure of the polymer. 

In highly dilute solution (in our case 5µg ml−1), one would expect the detected optical 

spectroscopic features to be isotropic, and hardly (if at all) sensitive to processing as it would 

be present in the solid state. 

 

Figure 6.85: Normalised UV-Vis absorption and photoluminescent emission of C16IDT–BT measured from 

both solid-state thin film (~85 nm) and highly diluted solution (5 μg ml−1, chlorobenzene as solvent). The long 

wavelength end of the solution PL terminates at 850 nm, due to the detection limit of the FluoroMax-3 

instrument used. The thin-film PL spectra were obtained by overlaying emission data collected from 

FluoroMax-3 (473 nm excitation), and an ANDOR iDus InGaAs 1.7 μm array detector (with a 473 nm, 

~1.95mW CW laser excitation). Axes in both energy (eV) and wavelength (nm) are provided. The ‘stitching 

region’ extends from ~830 to ~845 nm. 

Upon inspection of Fig. 6.3, we particularly emphasis these following relevant points 

• Despite the mirrored dilute solution spectra, the persisted highly mirror-symmetrical 

patterns of solid-state thin film absorption and photoluminescence, which is pretty unusual, 

if not rare. This is at a first instance pointing towards an unusually low degree of interchain 

interaction 
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• The absorption and PL spectra is almost unaffected by the thermal annealing treatment 

which was performed for thin films at 150 °C for a duration of 6 hours, within an inert pure 

nitrogen environment (inside glovebox). ‘RT as-cast’ refers to unannealed C16IDT–BT thin 

films 

• The Stokes shift observed from thin films is relatively small amongst polymeric materials, 

which is of ~38 nm (~97 meV difference in the solid-state Abs. versus PL 0-0 peaks), but 

not super small. Some inhomogeneous broadening is also evident for the absorption band 

compared to the PL emission band 

Further discussion 

We note that it is very interesting to compare Stokes shifts for the planarised β-phase in PFO 

(Fig. 6.4, red curve), ladder-type polymer (Ph)LPPP (cf. Fig. 6.5), and also glassy phase in 

PFO (Fig. 6.4, sky blue). This way, we could get an estimate on relatively how relatively 

planarised the C16IDT–BT chain conformation is, as a whole. We remind from Chapter 2, 

where we introduce contents such as Jablonski and, absorption/emission peak diagrams, that 

the Stokes shift between the Abs. versus PL 0-0 transition maxima relates to the overall 

reorganisation energy, λ,76 of a given tested medium (and the values are comparable if dielectric 

properties are similar across systems, as also being pointed out in Refs. [15,16]). For detailed 

Stokes shift value (in meV) corresponding to each aforementioned case, please refer to 

respective figure captions of Figs. 6.4 and 6.5. 

                                                 
76 We note if the potential energy surfaces of the ground and first excited states share similar shapes, then the 

Stokes shift is around twice the magnitude of the λ for either S0→S1 or S1→S0 0-0 transition. 
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Figure 6.86: Absorption spectrum of a β-embedded PFO thin film (predominantly isotropic glassy phase plus 

~4.6 vol% planarised β-phase segments), and photoluminescence spectra of both pristine glassy (▬) and β-

embedded (▬) PFO thin films. The transition of colours in the absorption curve signifies the spectral 

contribution from β- and glassy phase components. Stokes shifts of both glassy and planarised β-phase 

chain segments in PFO are labelled. The Stocks shift of glassy phase is ~42 nm (corresponding to ~330 

meV), whereas that of the β-phase is virtually zero (~6 nm, corresponding to ~35 meV), due to its spatially 

localised distribution in the film, and its fully planarised intra-chain structure. 

 

Figure 6.87: Thin-film absorption and photoluminescence spectra of PhLPPP. This ladder-type polymer 

exhibits highly structured, mirror-symmetrical absorption and PL emission bands, plus a virtually negligible 

Stokes shift (~37 meV) which is similar to the case of β-phase in PFO. Chemical structure of PhLPPP is 

presented in the inset (Ph = phenyl; R1 = decyl; R2 = hexyl). Figure adapted from Ref. [17]. 

Main conclusions that can be drawn for C16IDT–BT from the comparison of steady-state 

absorption and emission measurements are therefore: (i) chains are overall relatively planarised 
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in solid-state—definitely more planar than the twisted PFO chain glassy state, however no way 

yet on par with the cases for the ladder-type polymer, or the β-phase PFO chain; (ii) the inter-

chain interaction deems to be quite limited, as the solid-state Abs./PL bands still remain to be 

reasonably mutually mirroring,77 since excessive inter-chain bridges will for sure facilitate 

efficient excitation energy transfer and promote emission from mainly energetically lower 

states which are fully planarised. 

6.39.2 Variable-Angle Spectroscopic Ellipsometry 

VASE was performed with helps from collaborator Dr. Mariano Compoy-Quiles, during 

research visit at ICMAB, Barcelona, Catalunya. The intension was to check whether C16IDT–

BT could retain a high optical absorption as its C8 version in solid state (for background settings 

regarding the relation between persistence length of chain and light absorption, see Ref. [4]), 

and whether there is evidence of anisotropy in chain orientation (but hardly any). 

Our motivation of performing VASE measurements on C16IDT–BT is that, as we want to 

ultimately confirm the intuition that there may be a good coherence, consistency and marriage 

between strong light absorption and high intra-chain transport—both thanks to the stiffness, or 

high chain persistence length of the polymer—we would wish to check the strength of light 

absorption first. 

Figure 6.6 shows VASE-derived complex refractive index for C16IDT–BT. The extinction 

coefficient κ peaks at ~0.88 at 667 nm: a value that sits in the very common regime (i.e., with 

κpeak ranging 0.8–1) for π-conjugated organic materials. Provided with the a priori knowledge 

of the high optical absorption property of a IDT–BT polymer bearing shorter alkyl chain length 

(dioctyl (C8) version, with its κpeak just exceeding 1.5) [4], we speculate that the observation of 

lower κpeak in this case is most likely to do with substantial amount of space-filling of the non-

optically-active hexadecyl side chains (two pairs per monomer!) in C16IDT–BT. 

                                                 
77 Albeit having of course (i) different 0-0 to 0-1 transition peak ratios and (ii) band narrowing for the PL spectra, 

both of which suggests presence of minor amount of energetic disorder. 
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Figure 6.88: VASE-derived complex refractive index for C16IDT–BT. The extinction coefficient κ peaks at 

~0.88 at 667 nm, a value that sits in the very common regime (i.e., with κpeak ranging 0.8–1) for π-conjugated 

organic materials. Provided with the a priori knowledge of the high optical absorption property of a IDT–BT 

polymer bearing shorter alkyl chain length (dioctyl version, with its κpeak just exceeding 1.5), the observation 

of lower κpeak in this case is most likely to do with substantial amount of space-filling of the non-optically-

active hexadecyl side chains (two pairs per monomer!) in C16IDT–BT. 

Further discussion 

Given the intriguing preliminary observation from thin-film VASE, can we somehow find a 

method to confirm the inferior (actually, almost halved!) extinction coefficient associated with 

the C16 version of IDT–BT (upon c.f. the C8 version) actually stems from the high density of 

long hexadecyl side chains? 

The answer is yes, we can (and we acknowledge group member Dr. Michelle Vezie for 

providing the C8-version data shown in Fig. 6.7): if we examine the same question from a 

different perspective, by instead of looking at the n and κ set inferred from solid-state thin film, 

but rather inspecting the optical extinction normalised by mole / π-electron (via dilute solution 

Abs. measurements), C8 and C16 version of IDT–BT polymers provide exactly the same 

absorption strength, as shown in Fig. 6.7. 



 

202 

 

Figure 6.89: Diluted solution UV-Vis could provide an intrinsic indication of the absorption strength of a 

material. When normalised by mole π-electron, C8 and C16 versions of IDT–BT feature exactly the same 

absorption strength, which one would intuitively expect since only the side chains are altered, and they are 

not optically active. The small but discernible shift in the absorption spectra could stem from the use of 

different solvents (chlorobenzene for C16, ortho-dichlorobenzene for C8) hence potentially slightly different 

interactions with polymers when chains are optically excited. 

The results confirm the hypothesis that, the observation of lower κpeak from thin film is indeed 

to do with the high-density, space-filling of the non-optically-active hexadecyl side chains. 

6.39.3 Time-Resolved Fluorescence 

Figure 6.8 shows the t-PL characteristics of C16IDT–BT in both dilute solution state and thin 

film. The drastically accelerated fluorescence kinetics in the solid state compared to that of the 

dilute solution state signifies the impact of inter-chain interaction between C16IDT–BT in thin 

films. Again, thermal annealing does not appear to post any significant impact on this 

photophysical aspect of the C16IDT–BT thin films. Note that due to the fast kinetics, measured 

decay signal for solid-state form of C16IDT–BT couples with the prompt signal to show a 

temporal shoulder. However, this does not impede us at all from identifying the apparently 

facilitated t-PL kinetics in the solid state (Fig. 6.8(b)). As opposed to steady-state absoption 

and PL measurements, this set of t-PL highlights the role of inter-chain interactions in speeding 

up the fluorescence kinetics in the solid state. 
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Figure 6.90: Transient fluorescence decays of C16IDT–BT in the states of a) diluted solution (5 μg ml−1 in 

chlorobenzene), showing typical first-order (mono-exponential) fluorescence decay due to the isotropic and 

isolated spacing of polymer chains in the organic solvent; and b) RT as-cast and thermally annealed (200 °C 

for 15 minutes in N2) thin films, both exhibiting much faster yet non-monoexponential PL dynamics. The 

excitation wavelength was chosen at 635 nm and the fluorescence emission detection at 700 nm, i.e., ca. 

the S0→S1 0-0 PL peak. The time axes bear the same scale for both panels a) and b), making dynamics of 

the two scenarios visually comparable. For each case, the black square scatters indicate the instrumental 

response functions, respectively. 

Combining results from Sections 6.5.1 and 6.5.3, we hence conclude that inter-chain interaction 

is still evidently present in the solid-state microstructure, albeit minimal compared to most of 

the cases for organics.  

6.39.4 Raman Spectroscopy 

Raman spectroscopy of C16IDT–BT thin films was performed at ICMAB-CSIC, with 

assistances from Xabier Rodríguez and Prof. Alejandro R. Goñi. 
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We fabricated both spin-coated and blade-coated C16IDT–BT thin films (with homogenous 

thicknesses) to check whether Raman spectra probed would be processing sensitive. Further 

aligned along this objective, we have prepared by blade coating with acceleration, a process 

which led to thin films with thickness gradients. 

Fig. 6.9(a) shows an example set of temperature-dependent raw Raman spectra collected on a 

blade-coated C16IDT–BT thin film. No discernible change in the Raman mode ratios was 

observed for both blade- and spin-coated films upon a systematic correction of the baseline 

(not shown). In Fig. 6.9(b), ‘mode hardening’ effect of Raman features is observed upon 

reduction of measurement temperature. 
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Figure 6.91: a) Temperature-dependent Raman measurements on blade-coated C16IDT–BT thin film of ~47 

nm. b) ‘Mode-hardening’ effect on Raman feature wavenumbers as temperature drops. 

Figure 6.10 Compares the relative Raman shift as a function of thickness gradient of the blade-

coated films amongst several materials, including C16, PCPDTBT, PCDTBT and PC70BM. 

This shows once again the resilience of C16IDT–BT microstructure against varied film forming 

kinetics. 
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Figure 6.92: Comparison of the relative Raman shift as a function of thickness gradient of the blade-coated 

films amongst several materials. This shows once again the resilience of C16IDT–BT microstructure against 

varied film forming kinetics. 

Discussion 

Main conclusion of the Raman section, by performing temperature-dependent Raman for C16 

itself and by comparing the Raman wavenumber shift as a function of thickness gradient (hence 

solidification kinetics) amongst a group of organic materials—‘stubbornness’ and robustness 

of the C16 solid-state microstructure. For more details see paper relevant to this study Ref. [14]. 

6.39.5 Structural Characterisations 

The GIWAXS measurements for C16IDT–BT thin films were carried out in the Slovak 

Academy of Science (SAS), Bratislava, Slovak Republic, by Dr. Karol Végsö and Peter 

Nádaždy. 

The GIWAXS scattering images in Fig. 6.11 suggests predominantly amorphous pattern 

despite possible indication of (i) either some degree of lamella stacking (the relatively faint in-

plane diffraction peak with a scattering radius 0.39 Å-1, i.e. ~16.1 Å lamella spacing), or (ii) 

length of the IDT–BT monomer length, as the ~16.1 Å value is extremely close to the monomer 
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length value quoted in the caption of Fig. 6.1. The previously reported, broad π-stacking peak 

(centred at a scattering vector qz = 1.54 Å-1) [6] lies out of the detection range for the instrument 

which our measurements were based on. Thickness of films ~80 nm. 

 

Figure 6.93: 2-D GIWAXS detector image of C16IDT–BT thin films. Left: RT as cast thin film; right: subjected 

to further thermal treatment at 200 °C for 15 minutes. 

Key points which could be drawn from the GIWAXS images is that in solid-state thin films 

C16IDT–BT exhibits predominantly amorphous microstructure, however there are 

distributions of small local orderings, indicated by the evidences of low-order lamella stacking 

and the previously reported π-stacking. The GIWAXS patterns also suggest the ‘face-on’ chain 

orientation relative to the substrate being slightly more adapted but all other orientations are 

present, if, we were to believe that, the d-spacing of ~16.1 Å signifies a lamella stacking 

distance, as in scenario (i) listed above. 

The comparison between the two panels of Fig. 6.11 suggests that thermal annealing at 200 °C 

for 15 minutes only have promoted chain ordering in the solid state by just a wee bit, which 

could be evidenced by the subtly enhanced diffraction ring with radius 0.39 Å−1. 

6.39.6 Summary of the Non-Electrical Characterisations 

‘Stubborn’ and ‘robust’ C16IDT–BT thin-film microstructure, in the sense that being quite 

amazingly resilient to the choice of solution-based processing routes and the change of 

temperature (i.e. including post-processing thermal treatments). The microstructure is 

predominantly amorphous but with subtle hints of ordering, which most likely is to be at the 
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local scale. The results from UV-Vis and PL measurements revealed relative narrow 

distribution of chain conformation around planarised backbone structure thus low energetic 

disorder, but not yet on par with fully planarised chain cases such as β-phase in PFO and ladder-

type polymer e.g. Me/PhLPPP. 

1.40 ER-EIS DOS MAPPING ON C16IDT–BT THIN FILMS 

We compare, in Fig. 6.111, profiles of the HOMO branches of +/− β PFO (reproduced from 

Fig. 4.27) and C16IDT–BT thin films obtained by means of energy-resolved electrochemical 

impedance spectroscopy (ER-EIS). Thickness of the C16IDT–BT film is ~80 nm, while +/− β 

PFO thin film ~100 nm. 
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Figure 6.94: ER-EIS mapped HOMO DoS comparison between +/− β PFO, and C16IDT–BT. 

On a side note, the ER-EIS-derived HOMO profiles of as-cast and annealed thin films do not 

differ by any much by overlapping each other on top, hence only the as-cast C16 spectrum is 

shown. 

We are able to speculate from Fig. 6.12 that, DoS peaks and cliffs toward the gap are due to 

planar conformers in all cases. We can also infer from the spectra that IDT–BT’s bandgap is 

lower than PFO, which is not surprising. 
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1.41 INTRA-CHAIN HOLE MOBILITY AND PERSISTENCE LENGTH 

MEASUREMENTS 

Collaborators at the National Renewable Energy Laboratory (NREL) and the Brookhaven 

National Laboratory (BNL) via dilute-solution-based TRMC infers ultra-high intra-chain 

mobility for C16. 

Collaborators at the National Institute of Standards and Technology (NIST) concluded via 

solution-based SANS measurements that the rod-like C16IDT–BT polymer features unusually 

long persistence length, by obtaining the fits which suggests that the Kuhn lengths equal to 

contour lengths of several distinctly different molecular weight batch of C16IDT–BT. 

The author of this Thesis is not (yet) able to disclose any further exciting preliminary results 

from these US national laboratories, due to a momentary lack of inter-institutional material 

transfer agreements. 

In the foreseeable future, we therefore envisage a joint publication addressing the evidence for 

fast intrachain transport in this polymer and a quantitative evaluation of the effect of interchain 

hopping on the mobility in thin films. It would be sensible to combine and publish the 

experimental measurements of high intrachain mobility and persistence length, together with 

the photophysical and electrical transport data presented in this Chapter. 

1.42 VERTICAL-MODE TRANSPORT PROPERTIES 

6.42.1 Approaching Symmetrical Hole-Only Devices 

Figure 6.12 shows the nearly completely symmetrical J–V behaviour when injected from 

MoOx/Au or Pt/ITO hints an almost zero built-in voltage (Vbi) for the hole-only device. Figure 

6.12(b), specifically indicates that the slope at high-bias end exceeds 2, which sets the bench 

mark for trap-free transport as per Mott-Gurney theory (see Chapter 4 for details). 
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Figure 6.95: a) highly reproducible J–V curves. The step for voltage scan was set to 20 mV. No data 

smoothing or whatsoever was applied to the derivation of dual-log-based J–V slopes in b). 

6.42.2 Frequency-Resolved Probes on the Hole-Only Devices 

Capacitance–voltage and conductance–voltage measurements 

Similar to the frequency-resolved characterisations undertaken for PFO hole-only devices (see 

Chapter 4), we have also performed C–V and S–V measurements on C16IDT–BT hole-only 

devices using a Solartron Analytical 1260 Impedance/Gain-Phase Analyser. Such methods 

help us to identify any potential presence of trap states in the active layer (as the frequency-

dependent C–V results would be able to tell so. For detailed explanations and arguments: 

Section 4.7.2). S–V data, on the other hand, would help the consolidation or the rejection of the 

conclusion drawn from steady-state J–V measurements that, we have achieved almost perfectly 

symmetrical unipolar device for C16IDT–BT. 
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Figure 6.96: a) showing the rise of ‘electrochemical capacitance’ at higher absolute voltage levels—indicative 

of hole trapping. b) showing almost symmetrical conductance–voltage behaviour—again a strong support for 

symmetrical hole-only devices. One could argue that current levels when through MoOx are slightly higher 

than those of Pt (e.g. for frequencies 1k, 10k and 100kHz), a set results that is compatible with J–V 

measurements in Fig. 6.12. 

Based on the results in Fig. 6.13(b) above, along with the steady state J–V curves (Fig. 6.10), 

we could confidently and firmly establish our argument on the nearly symmetrical injection 

behaviour of our C16IDT–BT hole-only devices, and with Vbi ~0 V. 

However, the frequency-dependent C–V results in Fig. 6.13(a) clearly further supports the 

presence of traps in the active layer, see Section 4.7.2 in Chapter 4 for detailed reasonings. 

−Im[Z]–f for d.c. hole mobility determination 

Figure 6.14 presents our attempt on extracting d.c. hole mobility of C16IDT–BT using −Im[Z]–

f method, whose experimental practices and significance were covered in Chapter 3 and 

Chapter 4, respectively. 

 

Figure 6.97: Top contact Au/MoOx was biased positive relative to ITO/Pt during measurements. Data were 

collected using both (i) Ivium CompactStat, d.c. range 0–4 V, and (ii) Autolab® ‘PGSTAT-12’ (with FRA2 

frequency response analyser module), d.c. range 0–10 V. They are clearly labelled in sub-figures (a) and (b), 

with (b) presenting measured d.c. hole mobility in Poole-Frenkel form. We highlight the excellent consistency 

of the extracted mobility trend using the two independent instruments. 

6.42.3 Transient Space-Charge-Limited Current 

Each of the t-SCLC traces features an initial spike, which is caused by transition of the step 

voltage function levels at the front injecting contact, thereby charging the hole-only device 
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[ ( )  /i t C dv dt= ]. The occurrence of cusps (marked by arrows) signifies not only an optimum 

contact ohmicity of MoOx for C16IDT–BT, but also the arrival of the fastest carrier packet at 

the counter electrode (in this case MoOx/Au). One could readily see that as the voltage levels 

ramp up, the temporal onset of the cusps is pushed further into earlier times such that it would 

finally merge into the initial charging spike. The transient dark current finally decays back to 

its steady-state level at long times set by the individual voltage level. Moreover, the ‘prolonged’ 

decaying tails of transients at higher voltages (cf. mainly traces in Fig. 6.15(b)) also clearly 

indicate and support that hole trapping is present for C16IDT–BT vertical-mode transport. 

It may be also worth noting that the voltage range one could probe by means of t-SCLC is 

usually much reduced than using time-of-flight photocurrent technique. This is ascribed to one 

being usually plotted and analysed in linear time scale (t-SCLC), due to sensitivity of temporal 

change in the cusp onset upon variation of bias potential, while another inspected in logarithmic 

(ToF). 

 

Figure 6.98: Transient space-charge-limited current (t-SCLC) traces measured using a ~680 nm C16IDT–BT 

hole-only device, plotted in two panels a) for the lower half of applied voltages (solid lines) and b) for the 

higher half (dashed lines), such that individual cusps could be discerned by eye thanks to the split signal 

dynamic range for each panel. Hole injection was achieved by positively pulsing voltage step functions at the 

Au/MoOx top contact relative to the ITO/Pt bottom contact. The voltage step functions were generated using 

a Tektronix® function generator AFG3102C, with a 40-ns rise/fall times between the two states. Termination 

at the sensing end was set to 50 Ω in order to match the source impedance of the function generator and the 

characteristic impedance of the coax cable for optimum transient response. For the current level, although 

the unit of ‘arbitrary unit’ is adapted, the absolute levels could be obtained by dividing the transient dark 

current values by 50 (due to the 50 Ω sensing termination). 



 

212 

Figure 6.16 summarises the transient hole mobility extracted from t-SCLC method, following 

the analysis detailed in Section 3.5.4. 

 

Figure 6.99: Transient hole mobility extracted from t-SCLC method. 

1.43 DISCUSSION 

One of the obvious question posed to us is to what extent the energetic disorder within the bulk 

layer of C16IDT–BT could give rise to a ~tenfold discrepancy of transient (t-SCLC) and steady-

state hole mobility (Fig. 6.17). Or, in other words, if the above-presented experimental 

observation is present for the vertical-mode hole transport of C16IDT–BT, can we still 

confidently claim that the material indeed possesses the alleged ‘trap-free’ property? 

 

Figure 6.100: Comparison of d.c. hole mobility obtained from −Im[Z]–f method and transient hole mobility 

obtained from t-SCLC method, both using C16IDT–BT hole-only devices. A ca. 10-fold difference is evident. 
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Note also the negative field dependences of hole mobility inferred from both techniques. See figure legends 

for further details. 

We note that from Fig. 6.17 an order or magnitude discrepancy is observed between the steady-

state J–V and transient SCLC (t-SCLC) transport measurements on the same devices is 

obviously also against the trap-free claim, as the apparent mobility still exhibits mode- and 

carrier density dependence. 

In addition, it would certainly be of interest that, to where adjacent hexadecyl chains are 

properly ‘zipped-in’ and backbone moieties docked and registered against each other, as these 

sites provide favourable/closest inter-molecular transport linkages with the bulk layer. 

A computational (MD) study in our group explored the packing phase space and concluded 

that the most favourable chain packing would be with BT units anti-aligned in the flipped-co-

facial orientation as shown in Fig. 6.18. This configuration leads to a relatively strong hole 

coupling between chains. 

 

Figure 6.101: A molecular-level graphical representation of the ideal, highly structured packing motif of IDT–

BT. The graph shows the registration of backbones along the π-stacking direction (note the flipped, co-facial 

orientation of the ‘dimerised’ BT units in order to cancel out their intrinsic dipole moments), and the 

interdigitated pattern of the dialkyl side chains in trans arrangement (in this case showing a shorter chain 

length, C8H17) arising from delicate van der Waals interactions. Image courtesy former group member Dr. 

Dorota Niedziałek (unpublished). 

We wish to draw readers special attention to the optimal chain stacking and registration motif, 

simulated by former group member Dr. Dorota Niedziałek,78 that is presented in Fig. 6.18. 

Such presentation violates the so-called ‘most stable unit cell’ illustration in Fig. S14 (in 

                                                 
78 The associated value for inter-chain hopping matrix element J is ~100 meV. 
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Supplementary Information), Venkateshvaran et al., Nature, 2014 [2], where flipped-co-facial 

orientation happens for the IDT moiety instead of the BT units, which would, obviously, be 

erratic even based on a basic physical chemistry intuition, when concerning energetically 

favourable arrangement for dimerisation in order to cancel intrinsic dipole moments associated 

with a pair of BT units. 

1.44 CONCLUSIONS AND IMPLICATIONS 

We have studied hole transport and microstructure in the C16IDT–BT polymer, which was 

previously alleged to be ‘trap free’. Whilst the polymer exhibits several characteristics of a 

material free from structural heterogeneity (for example, almost mirror-like absorption and 

emission, featureless temperature-dependent Raman spectra and nearly featureless GIWAXS 

spectra), the transport measurements do not support the ideas that the C16IDT–BT material is 

necessarily ‘trap-free’. In particular, a rising chemical capacitance 79  with applied bias is 

observed in the capacitance–voltage measurements (see Section 6.8.2), and an order or 

magnitude discrepancy is observed between the steady-state J–V and transient SCLC (t-SCLC) 

transport measurements on the same devices. The faster transport suggested by the transient 

measurements is indicative of the presence of a tail of states. Nevertheless, the hole transport 

is still fast and, when comparing the same experiments (namely t-SCLC), is around one-order-

of-magnitude greater than for glassy PFO. 

Preliminary results that have been converging back from a few US national laboratories in this 

joint C16IDT–BT study suggest that (i) via dilute solution TRMC: C16IDT–BT is intra-chain 

wise is certainly fast, inferred from the highest conductivity the collaborator had ever observed 

(say, at least ~3 times larger than planarised polyfluorene (β)), and a similar electron to hole 

mobility; and (ii) via solution SANS: rod-like C16IDT–BT polymer features very long 

persistence length, with Kuhn length on average equal to contour length of the chain. 

Concerning the key requirements for high charge-carrier mobility, we conclude that once a 

material system has possessed preferential intra-chain torsion, the point of bottle neck to tackle 

is the ability for charges to ‘crosstalk’ easily between chains. 

                                                 
79 Usually abbreviated by Cµ in EIS methods. In this context, Cµ accounts for the apparent capacitive effect due 

to charge trapping and hence the shift of quasi-Fermi levels for carriers in the disordered semiconducting medium. 
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C16IDT–BT, particularly, is of no doubt a ‘fast’ material relative to its ‘peers’, yet it has a high 

density of electronically non-actively side chains: this echo an image of filament type of 

transport in these structurally disordered polymeric materials. Again, addressing space-wise 

occasional strong inter-chain coupling is critical. 
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Chapter Ⅶ 

Conclusions and Outlook 

‘Let him continue on his journey.’ 

—as in Scent of a Woman, 1992 
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1.45 SUMMARY 

This Thesis addresses the specific relationship between hole transport and microstructure for 

selected conjugated polymers. In the first results Chapter 4, we show that the effect of 

introducing a known conformational defect, the β-phase, into poly(9,9)dioctylfluorene (PFO) 

is to reduce the time-of-flight hole mobility by two orders of magnitude and the steady-state 

hole mobility by well less than one order of magnitude. We develop a high-dynamic-range 

photocurrent measurement to probe the density of states and show that the β-defect introduces 

an additional sharp feature into the hole density-of-states (DoS) ~0.3 eV below the transport 

level. The effect on DoS is confirmed with complementary electrochemical technique and 

agrees with theory. We then reconcile the different observations from transient and steady-state 

measurements using an energy-resolved device model and conclude that a non-equilibrium 

picture is needed to interpret transient measurements in such disordered materials. 

The second results Chapter 5 shows that hole mobility can be controlled and in some cases 

increased by the combined use of nucleating agents and crystallisation kinetics to promote 

growth of large crystallites in PFO films; further processing optimisation may lead to 

percolation through the crystalline phase. We also show that the effect of an on-chain chemical 

defect (keto defect) on hole transport is relatively minor, despite major impact on emission 

properties, and in contrast with prior reports. 

Finally, we show in Chapter 6 that hole transport in a high mobility indacenodithiophene-alt-

benzothiadiazole copolymer is indeed fast but not, as previously reported, trap-free. 

Nevertheless, further efforts to improve hole mobility should address inter-chain coupling 

rather than intra-chain transport. 

1.46 CONCLUSIONS 

For Chapter 4, we have attempted to understand and unambiguously address the impact of 

polymer chain conformation and conformational disorder on charge transport in conjugated 

polymers, taking the β-phase of PFO as a specific example. By developing and applying a high-

dynamic-range photocurrent technique we have probed the density of hole trap states lying 

deep (up to 0.5 eV) beneath the hole transport edge of the polymer and have demonstrated how 

that density of states is directly affected by the presence of the β-phase conformer. The 
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energetic position of this defect is confirmed using a complementary technique to probe DoS—

the energy-resolved electrical impedance spectroscopy technique developed by collaborator Dr. 

Vojtech Nadazdy. Moreover, the energetic position and sharpness of the defect is consistent 

with the expected effect of chain planarisation on HOMO energy in PFO oligomers. To the 

best of our knowledge, the work represents the first quantitative demonstration of a direct 

relationship between conformational disorder, sub-bandgap DoS distribution and transport 

behaviour. 

We have also used the PFO system with and without β-phase to address the apparent 

disagreement in hole mobility measurements obtained using different measurement techniques. 

Specifically, we found that whilst the hole mobility probed by time-of-flight method appears 

to be up to two orders of magnitude greater for glassy than β-embedded PFO, the steady state 

mobility is only a factor of 2–3 times larger. We address this using a device model in which 

charge carriers are resolved in terms of energy as well as position and time, and can show that 

within this model the different observations from transient and steady state experiments can be 

reconciled. The underlying reason for the different phenomena is the different level of 

relaxation into the density of states, and also an effect on the photocurrent transient of thermal 

emission of charge carriers from the sharp defect feature which may be misinterpreted as a 

transit, rather than a release, time. This study shows that it is important to use energy-resolved 

models to properly interpret transient phenomena in organic semiconductor devices featuring 

deep density of tail states. 

As an extension, we showed that the sub-bandgap DoS profile (specifically the volume fraction 

of defect states) and the corresponding transport behaviour (including the degree of transport 

dispersion) could be influenced by the molecular weight profile of the polymer. 

One general consequence of this is that mobility, as a figure of merit from experimental 

measurements, must depend heavily on the measurement conditions and charge-carrier 

concentration. Specific consequences for polyfluorene family polymers are that control of 

charge transport through control of the presence of beta phase could have potential applications 

in balancing hole and electron mobility in OLEDs and in defining the blue emission spectra 

(within the CIE colour space) and luminescence quantum yield. 

From the work of Chapter 5, we have addressed the impact of two types of structural change, 

one microstructural and the other chemical, on charge transport in PFO. In the first study, we 

used nucleated crystallisation in an attempt to increase the hole mobility of partly crystalline 
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PFO above the level of values that have been observed previously (~10−3 cm2 V−1 s−1 by ToF) 

and towards the level observed in Chapter 4 of this thesis for purely glassy PFO. The rationale 

herein is that at some volume fraction of crystalline material, where the crystalline phase 

becomes conducting rather than trapping, hole transport may be expected to exceed the value 

for glassy polymer. In this study of control of microstructure using nucleating agents we 

observed that both the choice of volume fraction of nucleation agent and the crystallisation 

kinetics matter for the resultant microstructure (and hole transport properties) after thermal 

annealing. The study showed that in the best case, of low volume fraction of nucleating agent 

and isothermal crystallisation, the ToF hole mobility could be raised by approximately an order 

of magnitude to 2 × 10−2 cm2 V−1 s−1, which is comparable with but marginally lower than the 

best value obtained for ToF hole mobility in glassy PFO. By optimising the choice of 

nucleating agents and their loadings it may be possible to further improve the hole transport 

properties of the processed layer, with the objective of establishing better interconnected 

pathways for carrier transport in the crystalline phase. 

In the second study of Chapter 5, we studied the effect of chemical defects known as keto 

defects, and recognisable from their spectroscopic properties, on hole transport in PFO. Whilst 

the prior-literature-based expectation was to reduce the ToF hole mobility, the actual reduction 

in mobility was hardly discernible, and with no strong effect on the degree of energetic disorder. 

This is compatible with the expectation from quantum chemical theory that keto defects affect 

primarily the electron transport levels rather than the hole transport levels. The minor effect on 

hole mobility may be related to polarisation-induced energetic disorder, and/or carrier 

scattering due to the large intrinsic dipole moment of ketonic defects. We also propose that the 

‘cuspy’ effect observed in keto-embedded ToF transients may well be associated with the 

reorientation of the intrinsic dipole moments (hence extra instantaneous displacement current 

contribution) whilst charge carriers are in transit across the device. The study also suggests that 

previous reports concluding the keto defects strongly affected hole transport may have been 

based on samples that were contaminated with other structural traps such as β-phase. 

As for Chapter 6, we have studied hole transport and microstructure in the C16IDT–BT polymer, 

which was previously alleged to be ‘trap free’. Whilst the polymer exhibits several 

characteristics of a material free from structural heterogeneity (for example, almost mirror-like 

absorption and emission, featureless changes to temperature-dependent Raman spectra apart 

from mode hardening effect, and nearly featureless GIWAXS spectra), the transport 

measurements do not support the ideas that the C16IDT–BT material is necessarily ‘trap-free’. 
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In particular, a rising chemical capacitance with applied bias is observed in the impedance 

spectroscopy measurements, and an order or magnitude discrepancy is observed between the 

steady-state J–V and transient SCLC transport measurements on the same devices. The faster 

transport suggested by the transient measurements is indicative of the presence of a tail of states.  

Nevertheless, the hole transport is still fast and, when comparing the same experiments (say t-

SCLC), is around one order of magnitude greater than for glassy PFO. 

Preliminary results from the States-based national laboratories are: 

• Pulse-radiolysis-TRMC in solution showing hole mobility higher than any other polymer 

they measured (about 3 times higher than PFO) and a similar electron to hole mobility 

• Quantum chemical and MD calculations showing most favourable chain packing structure 

and associated interchain hopping matrix element. MD of chains in solution, however, 

remains to be finished 

Concerning the key requirements for high charge-carrier mobility, we conclude that once a 

material system has got preferential intra-chain torsion the point to tackle is the ability for 

charges to ‘talk’ easily between chains by possessing adequate amount of closest points of 

inter-molecular coupling. 

C16IDT–BT is of no doubt a ‘fast’ material relative to its ‘peers’, yet it has a high density of 

electronically non-actively side chains: an image of filament type of transport in these 

structurally disordered polymeric materials. Again, addressing space-wise occasional strong 

inter-chain coupling is critical. 

1.47 OUTLOOK 

In terms of outlook for our work presented in this Thesis, in a broad sense, we want to conduct 

further research around the topics of the impact of chain conformation, microstructure and 

chemical defects on charge transport; the importance of sub-bandgap DoS–transport 

relationship; DoS extraction using time-dependent method, as well as digging more into the 

(complementary) set of frequency-resolved electrical probes since in the end, results inferred 

form the two perspectives should converge and agree with each other (see introduction to this 

in Section 4.7.2, Chapter 4); reconciliation of seemingly different transport phenomena by 
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further elaborating on mechanisms of individual probes (e.g. adding treatments on how the 

transient version of SCLC (t-SCLC, or dark injection) would manifest its magnitude in the µh 

comparison plot presented in Poole-Frenkel form (Fig. 4.24-alike one), and how we can 

understand that by means of the model); further elucidation of charge-carrier-density dependent 

mobility (with the help of the numerical simulation); proposing desired chain conformation 

and morphology for charge carrier transport, not only applicable for lateral-mode, field-effect 

but also vertical-mode transports, and propose practical upper limit to the maximally-

achievable mobility magnitude in the following two regimes concerning inter-molecular charge 

transfer (which is the ‘bottleneck’): (i) J < λ, where the classic non-adiabatic Marcus theory 

can be safely applied, and (ii) J ≈ λ, where some more recently developed theory, e.g., surface-

hopping model, needs to be applied; ‘loop-closing’ study on the ‘jumbo’ β-phase (that is, 

inducing β-phase beyond its percolation threshold and see if we would be able to observe a 

double-need transient shapes, one due to the intrinsic carrier transit time through the percolated 

part of the beta phase network, and a carrier detrapping/release time from isolated beta phase 

segments); wide-angle X-ray diffraction technique to estimate the typical crystallite coherence 

length for each cases of the nucleated crystallisation study (Chapter 5); temperature-dependent 

molecular dynamics studies on the flip of the on-chain keto groups, under no bias and the 

presence of alternating bias; and C16IDT–BT persistence length (including molecular dynamic 

simulations in both dilute solution state and solid state) and intra-chain transport, etc. 


