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Summary: Templated Electrodeposition for
Nanostructured Photovoltaic Applications

Harry Beeson

This thesis explores the use of templated electrodeposition for the fabrica-

tion of nanostructured ‘next-generation’ solar cells. The main project investi-

gates the electropolymerisation of polythiophene around gyroid-structured tem-

plates to give organic, bulk heterojunction solar cells with a well-defined, regular

donor:acceptor nanostructure. There are three broad motivations for this project:

investigating the suitability of templated electropolymerisation for fabricating op-

toelectronic devices with precisely-controlled nanostructure; preparing organic so-

lar cells with well-defined structure to aid further investigation of their operation;

and assessing the suitability of the gyroid bulk heterojunction structure for high-

performance solar cells. Additional, briefer projects investigate electrodeposition

for the fabrication of perovskite-based solar cells.

Chapter 1 gives an introduction to next-generation solar cells and the moti-

vation for the projects described in the thesis. Chapter 2 provides a background

to organic and perovskite solar cells, as well as the microphase-separated gyroid

morphology used for templating. ThenChapter 3 describes the main experimen-

tal methods used in this thesis, in particular the analysis of molecular ordering

in polythiophene films based upon their visible absorption spectra.

Chapter 4 covers initial experiments on untemplated electropolymerisation

of polythiophene, with a focus on the extent to which the molecular- and micron-

scale polymer morphology can be influenced by the electropolymerisation con-

ditions. Chapter 5 describes the combination of this electropolymerisation

with gyroid-structured templates formed via microphase-separation, along with

the subsequent steps required to complete fabrication of a functioning gyroid-

structured organic solar cell. Characterisation of the optoelectronic and device

properties of such gyroid-structured solar cells is then described in Chapter 6.

The projects addressing perovskite-based solar cells are covered in Chapter 7.

Electropolymerisation of poly(3,4-ethylenedioxythiophene) (PEDOT) is used to

fabricate hole-selective contacts for back-contact perovskite solar cells. Electrode-

position methods are also explored for deposition of the perovskite material itself,

based upon electrodeposition of lead dioxide followed by in situ conversion to lead

iodide and finally methylammonium lead iodide perovskite.

Finally, Chapter 8 summarises the work conducted in this thesis, and pro-

vides a conclusion along with suggestions for further work.
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Chapter 1

Introduction

There are strong social, political and economic reasons to search for new sources

of energy. Globally, energy consumption is observed to correlate with gross do-

mestic product (figure 1.1(a)), a simple proxy for economic productivity and

standard of living. As developing countries industrialise, and standards of living

rise around the world, the demand for energy seems set to rise, even as e↵orts grow

for improving e�ciencies. At the same time, traditional sources of energy face

growing opposition and finite resources (although ‘proved’ fossil fuel reserves are

still growing [1]). The Intergovernmental Panel on Climate Change report clear

evidence of the human influence on recent climate change, and cite greenhouse

gas emission as being ‘extremely likely’ to be the dominant cause of observed

global warming [2]. Atmospheric carbon dioxide concentrations have increased

dramatically in the past 250 years, a time period that closely matches the Indus-

trial Age (figure 1.1(b)). Along with changing land use (arising principally due

to agriculture and deforestation), the Royal Society identify the burning of fossil

fuels as a main contributor to climate change [3].

The 2015 United Nations Climate Change Conference agreed to limit temper-

ature rises to ‘well below 2�C’ [4], and the UK Climate Change Act commits the

UK to reducing its greenhouse gas emissions by 80% compared to 1990 levels,

by 2050 [5]. Both the UN and successive UK governments have made the de-

velopment and adoption of renewable energy sources major components of these

e↵orts [4, 6, 7]. These factors combined have driven an enormous research e↵ort

investigating the potential for alternative energy sources, both to provide a new
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source for increased power generation, and as a ‘cleaner’ alternative source of

energy to replace carbon-intense sources like fossil fuels.

Figure 1.1: Graphs showing a) the correlation between GDP and energy con-
sumption around the world, and b) historic CO2 concentrations in
the atmosphere (1769 marks the invention of the steam engine). The
GDP uses purchasing-power parity dollars; energy consumption per
capita is given in kilograms of oil equivalent. Figure (b) uses data
measured directly since 1958, and extracted from ice cores up to 1977.
Data for graphs taken from references [8–13].

The total solar power incident upon the Earth is of order 1017W [14], ten

thousand times greater than our total current energy consumption [1]. Even

with atmospheric absorption, thermodynamic constraints on maximum possible

e�ciencies and the di↵use coverage of incident sunlight, there is serious potential

for solar power to contribute significantly to our total energy consumption. At the

very least, solar power can be expected to play an important role alongside other

technologies such as carbon capture and storage, nuclear power, wind power,

biomass power, tidal and hydroelectric power.

Commerically available solar cells are currently made using inorganic mate-

rials, mostly crystalline silicon, but also amorphous silicon, cadmium telluride

and copper indium gallium selenide [15]. However, this requires energy- and

cost-intensive processing, making solar power expensive and reducing its benefi-

cial impact for the environment. ‘Next-generation’ solar cells aim to use easily-

processable materials to improve upon conventional silicon cells in manufactura-
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bility, flexibility, weight and cost [16–18]. Even amidst falling silicon panel prices,

the relative ease-of-manufacture of new-generation solar cells could be beneficial

for high-throughput, low-capital mass-manufacture [19]. Light, flexible solar cells

would also allow new, niche applications for which existing technologies are un-

suitable. Among the technologies being developed as next-generation solar cells

are organic solar cells and perovskite solar cells [20], the focus of this thesis. Both

technologies require further development before being ready for mainstream com-

mercialisation.

The main obstacles facing these next-generation solar cells are low power con-

version e�ciencies (organic solar cells) and poor device lifetimes (both organic

and perovskite solar cells). The complete working mechanisms underlying both

technologies are also not fully understood, with obvious implications for further

development. Procedures for improving device lifetimes include introducing a

protective, oxygen- and water-scavenging bu↵er layer [21], and encapsulating de-

vices in glass or transparent film coatings [22, 23]. For organic solar cells, such

procedures yield upper bounds on lifetime of order 10,000 hours [24], or a few

years, although they can compromise the initial advantages of the organic materi-

als. Early-stage commercial manufacturers of organic solar cells claim that using

small molecules rather than polymers as the organic component can substantially

increase the lifetime to beyond 25 years [15]. However, research thus far has pri-

marily focused upon improving power conversion e�ciency, and progress in this

area over the last decade has been impressive (see figure 1.2 [20]). This has been

chiefly as a result of developments in materials and cell morphology.

During the development of organic solar cells, the importance of the active

layer morphology for performance has become clear. The first organic photo-

voltaic cell consisted of a monolayer of magnesium phthalocyanine sandwiched

between a conducting glass electrode and an oxidised layer of tetramethyl p-

phenylenediamine [26]. A large improvement in e�ciency was achieved upon

evaporating a perylene derivative on top of a copper phthalocyanine electron

donor to give a bilayer device [27]. This promoted exciton dissociation by com-

bining two organic, semiconducting materials with di↵erent ionisation potentials

and electron a�nities. This success led naturally to the development of bulk

heterojunction cells, in which the two materials are intimately mixed within the
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Figure 1.2: NREL chart of record e�ciencies in di↵erent types of research solar
cells [20]. Organic cells are represented by the red, filled circles and
triangles. It is worth noting that the maximum theoretical e�ciency
of a single bandgap semiconductor device is 34% [25].

active region of the cell [28,29]. Strategies for influencing, investigating and opti-

mising the exact nature of the bulk heterojunction morphology have driven much

of the improvements in power conversion e�ciencies since [30, 31]. The highest

organic solar cell e�ciency certified thus far is 11.5%, based on conjugated poly-

mers with highly temperature-dependent aggregation properties, allowing sol-

ubility in non-halogenated solvents, and facile control of the morphology [32].

Optimal device performance was achieved in devices with small (⇠ 40 nm width),

pure donor/acceptor domains, and face-on polymer chain orientation both at the

polymer:fullerene interfaces and at the substrate.

The vast majority of investigation and development of polymer solar cell mor-

phologies has used variation in materials and solution processing parameters,

along with techniques such as using solvent additives and thermal or solvent an-

nealing, to indirectly control the morphology, allowing tailoring of characteristic

properties of the random bulk heterojunction structures formed rather than pre-

cise control. This is understandable given the relevance to anticipated roll-to-roll
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production methods, but limits the range and control of morphologies achiev-

able and complicates analysis. In contrast, the main project in this thesis aims

to directly control the heterojunction morphology via templated electrodeposi-

tion. The specific morphology targeted is the gyroid structure, a periodic, regular

structure in all three dimensions, which is conceptually well-suited to solar cell op-

eration with pure, bicontinuous domains. Macroscopic areas of gyroid-structured

polymer films with nanoscale unit cell size can be realised through microphase

separation of carefully controlled diblock coplymer blends. The theoretical gy-

roid structure and its physical fabrication are described in more detail in chapters

2 and 5. Despite templated electropolymerisation being unlikely to be used in

large scale manufacture of organic solar cells, successful utilisation to achieve

gyroid-structured solar cells could be a useful model system for investigating or-

ganic solar cell operation given a well-defined morphology, and might also be

useful for assessing new materials independently of film morphology. Addition-

ally, assessment of the e�cacy of gyroid structure in organic solar cells might

motivate further research e↵orts aiming to synthesise conjugated diblock copoly-

mers that can directly form gyroid-structured solar cells via solution-processing.

Such approaches are complicated by the di�culty in synthesising asymmetrical,

difunctional copolymers [33], and by the intrinsic rigidity of conjugated polymers

that favour microphase-separated interfaces of low curvature [34], although there

has been success with non-gyroid morphologies [35].

Templated electrodeposition will also be investigated for application in per-

ovskite solar cells. Electropolymerisation combined with templated contacts can

provide interdigitated, selective electrodes for back-contact perovskite devices.

Back-contact designs have previously led to e�ciency and manufacturing im-

provements in conventional solar cells [36], so are worth investigating with per-

ovskite devices as their e�ciencies approach those of crystalline silicon. Elec-

trodeposition of the perovskite material itself provides an alternative fabrication

technique which may lend itself better to mass manufacturing, and also allows

morphological control as demonstrated with organic solar cells.

This thesis therefore aims to investigate new fabrication routes for organic

and perovskite solar cells, in particular focusing upon electrochemical deposition

routes that allow morphology to be well-controlled down to the nanoscale. This
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should in turn allow investigation of the e↵ect of this morphology upon perfor-

mance, o↵er improved understanding of the working mechanisms in organic pho-

tovoltaics, and perhaps provide proof-of-principle for strategies targeting ideal

morphologies. Although the gyroid structure has been studied theoretically for

use in organic photovoltaics [37], and physically achieved in a solid-state dye-

sensitised solar cell [38], I am not aware of any gyroid-structured, all-organic

solar cell being reported previously.
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Chapter 2

Background and Theory

2.1 Organic Electronics

The macroscopic transport of electrical charge to give electrical conduction is most

usually associated with highly crystalline materials in which atoms in a crystalline

lattice lead to delocalised electron systems and conventional bandstructures. Such

materials include the archetypal conductor copper, and semiconductors such as

silicon and gallium arsenide.

The discovery that polymers could also be made electrically conducting or

semiconducting was awarded the Nobel Prize in Chemistry in 2000 [39]. Funda-

mentally, the conduction again appears due to a system of delocalised electrons.

This delocalised system results from alternating sp2 and sp3 carbon bonds running

down the ‘backbone’ of the polymer, usually consisting of a chain of cyclic mole-

cules (see figure 2.1). The ⇡ electron wavefunctions in the carbon double bonds

overlap with neighbouring double bonds to give delocalisation along the polymer

chain. It is worth noting, however, that the delocalisation in such polymers is on

a far smaller lengthscale than in metallic conductors.

Besides conjugated polymers, the other important class of organic electronic

materials are small organic molecules [40, 41]. These are still characterised by

many ⇡-bonds to give electron delocalisation, and charge transport is a↵orded by

e↵ective crystalline stacking. Molecules tend to be more thermally stable than

the polymers [40]. This may allow longer device lifetimes [15], and also facilitates
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evaporation deposition, which is the standard deposition method for such materi-

als. However, polymers are easier to render soluble through chemical addition of

side-groups, allowing deposition by solution-processing [40]. Solution processing

is especially attractive for cheap, high-throughput, large-scale manufacture. Un-

less specified, the focus for the rest of this thesis is conjugated polymers, though

many of the features described willl be applicable to all conducting organic ma-

terials.

Figure 2.1: Examples of intrinsically conducting polymers, (a) polyacetylene, (b)
polyphenylene vinylene, (c) polyaniline (X=NH/N) and polypheny-
lene sulfide (X=S), and (d) polypyrrole (X=NH) and polythiophene
(X=S). Reproduced from Wikimedia Commons.

The double bonds in conducting polymers are relatively readily oxidised, af-

ter which the oxidised monomer unit is positively charged. Typically, the ionised

monomer has a di↵erent equilibrium geometry to its neutral state [42]. Hence

there is a change in energy relating to structural deformation as well as electronic

charge. Provided the energy ‘cost’ of distorting the polymer structure is lower

than the ionisation energy ‘saved’ in adopting the equilibrium structure of the

ionised monomer, it is energetcially favourable for the ionisation to be associated

with a structural deformation and hence localised, at least to within a few (⇠ 4)

monomer units [43]. The localised distortion to the neutral polymer configuration

generates an electrostatic polarisation field that opposes the introduced charge.

This distortion and its screening field can be thought of as a quasi-particle, which

is correspondingly known as a ‘polaron’ [42]. High polaron concentrations lead
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eventually to the formation of bipolarons, spinless distortions incorporating two

units of charge rather than the singly-charged, spin-1/2 polarons. It is the move-

ment of these polarons and bipolarons through conjugated polymer films that

give them their conductivity.

2.1.1 Polymer Conductivity

Delocalisation in metals and conventional semiconductors extends in principle

over the entire material. By contrast, polymer films consist of very large num-

bers of molecular chains, with disorder disrupting both intra-chain and inter-chain

delocalisation. Deviation fom the infinitely-long, perfectly planarised conjugated

polymer chain can arise in a variety of ways, including linkage defects, finite chain

lengths, kinks and hydrogenated monomer units. ‘Linkage defects’ in polythio-

phene correspond to monomer units not bound to each other at their sites (the

carbon atoms adjacent to the sulphur in the thiophene ring, see figure 2.2(a)).

Polythiophene chains bend within the polymer plane at - 0 linkages, while twist-

ing out of the plane will occur at - 0 linkages [44, 45]. Both of these defects

disrupt the conjugation down the chain. For substituted polythiophenes, such

as poly(3-hexylthiophene) (P3HT), the relative positions of the alkyl chains also

a↵ects the stacking patterns adopted by the chains in a polymer film. Depending

upon which positions contain the alkyl chain, monomers can be arranged in

head-head, head-tail or tail-tail arrangements (as shown in figure 2.2(d)). The

proportion of head-tail coupling in a polymer is known as its ‘regioregularity’.

Regioregularity has been observed to strongly influence polymer stacking in spin-

coated films, with crystallinity only readily observed for samples with high re-

gioregularity [46].

Disruption to the ⇡ electron delocalisation means that macroscopic charge

transport is mediated by ‘hopping’ of polarons and bipolarons from one segment

of delocalisation to an adjacent segment, whether on the same molecule or an

adjacent one [47]. This hopping mechanism di↵ers from the displacement of the

Fermi distribution of carriers found in metals, severely reducing organic charge

carrier mobility. A semi-classical expression for the hopping transition rate, based

upon the Miller-Abrahams transition theory [48], is given below:
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kij = k0�e
�2

|rj�ri|
↵ , � =

(
e

Ej�Ei
kbT if Ej > Ei

1 if Ej < Ei

where kij is the hopping rate from the ith site to the jth site, k0 is a constant, �

is a Boltzmann term relating to the energy di↵erence (Ej �Ei) between the two

sites, ri is the position of the ith site, and ↵ parameterises the extent of wave-

function overlap between adjacent sites [49]. As such, the packing of the poly-

mer chains has a strong influence on the hopping between molecules and hence

the macroscopic charge transport. Intermolecular hopping occurs most readily

between adjacent molecules with closely-packed ⇡-⇡ stacking, since this allows

considerable overlap of the ⇡ molecular orbitals [50]. Correspondingly, inter-

molecular charge transport improves with local molecular ordering. In real films,

good intermolecular ordering extends only within finite crystalline regions, with

individual crystallites rarely extending beyond micrometre lengthscales. These

crystallites are generally embedded within an amorphous polymer matrix, which

can make up anything from 45 – 100% of the film [46,51,52].

Figure 2.2: Schematic showing the di↵erent coupling arrangements possible in
polythiophenes. a) Monomers units can be coupled at their or
sites. b) Polythiophene, and c) Poly(3-methylthiophene), the two

conjugated polymers used in this thesis, both shown here with ideal -
0 linkages. d) Substituted thiophenes can adopt head-tail, head-head
or tail-tail structures; since each monomer is ideally linked to two
neighbouring monomers, four di↵erent triad structures are possible
for each monomer site, namely HT-HT, TT-HT, HT-HH and TT-
HH.

Since macroscopic conductivity will depend upon charge transport down in-

dividual chains, between neighbouring chains and from crystallite to crystallite,
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it varies substantially with order within the film on several lengthscales. This

complexity, along with the variety of fabrication and characterisation techniques

used with polymer films, has led to conductivity in conjugated polymer films

not being completely understood. For example, high crystallinity is generally

associated with good charge transport due to the improved molecular state over-

lap. However, spin-coated films of P3HT with varying molecular weights have

repeatedly shown higher mobility in high molecular weight films, despite signif-

icantly greater crystallinity in the low molecular weight films [53–55]. This has

separately been attributed to longer chains facilitating inter-crystallite transport

despite inferior intra-crystallite ordering (see figure 2.3) [50,54], or higher molec-

ular weights promoting longer conjugation in amorphous regions despite fewer,

smaller crystallites [55]. Pingel et al. measured local, nanoscopic mobility and

macroscopic mobility using pulse-radiolysis time-resolved microwave conductivity

(PR-TRMC) and field-e↵ect transitor mobility measurements respectively. They

found that the local mobility increased only slightly with increasing molecular

weight, but that macroscopic mobility increased dramatically with increasing

molecular weight [56]. Indeed, temperature-dependent mobility measurements

suggest that thermal activation energies for local and macroscopic transport are

comparable for high molecular weights, but diverge for medium and low molecular

weights, suggesting that grain boundaries do not substantially restrict transport

in high molecular weight films, but significantly a↵ect transport at lower molec-

ular weights.

The dominant influences on the measured conductivity also depend upon the

method of measurement, which relates to the anticipated device the polymer film

will be used in. Charge moblity can be measured via time-of-flight experiments,

PR-TRMC, space-charge limited currents (SCLC) and in thin film transistor

architectures. Time-of-flight experiments require very thick films, whereas PR-

TRMC only measures conductivity over very small charge transport distances.

Mobilities measured in thin film transistors are obviously relevant to operation

of those devices, but are frequently orders of magnitude higher than those mea-

sured in other devices [50]. This is because higher charge densities are gener-

ally used in transistors than in optoelectronics devices, and because in transis-

tors, current flows only within a very thin film layer near the electrodes, where

substrate-induced molecular orientation can be very important in determining
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Figure 2.3: Diagram illustrating the potential for more crystalline films (left) to
exhibit inferior conductivity than less crystalline films (right) due
to poorer inter-crystallite transport. Only crystalline and inter-
crystallite polymer chains are shown, with amorphous region chains
omitted for clarity.

mobility. The anisotropy of polythiophene, with di↵erent molecular overlap down

the chain, along the ⇡-⇡ stacking direction and along the coplanar stacking direc-

tion (especially with alkylated polythiophenes) clearly indicates that the distri-

bution of chain orientations through the film will also influence charge transport.

Space-charge limited current measurements yield measurements of bulk mobil-

ity through the film perpendicular to the electrodes, which is generally of more

relvance to solar cells. However, the varying internal field makes it much more

di�cult to assess the field dependency of the mobility.

2.1.2 The Operating Principles of an Organic Solar Cell

The semiconducting nature of un-doped conjugated polymers allows their use

in a variety of electronic and optoelectronic devices, such as transistors, light-

emitting diodes and solar cells. This thesis focuses upon the latter application.

The complete mechanism for photocurrent generation in organic solar cells may

be broken down into four fundamental steps [40] (see figure 2.4). These four

steps are (i) photon absorption and exciton generation, (ii) exciton di↵usion,

(iii) exciton dissociation, and (iv) charge migration to the electrodes; each are

explained more fully below.
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Figure 2.4: A summary of the four main organic photovoltaic processes: (i) Pho-
ton absorption and exciton excitation, (ii) exciton di↵usion, (iii) ex-
citon dissociation and (iv) charge transport to the electrodes.

Photon Absorption

The full photonic absorption process di↵ers between organic and inorganic solar

cells in two key ways. Delocalisation is more restricted in organic materials, and

their van der Waals intermolecular forces are weaker than the covalent bonding of

crystalline inorganic materials, so the relevant energy states for optoelectronic ab-

sorption and emission are much closer to the individual molecular states than the

valence and conduction bands of inorganic semiconductors [57]. Hence absorption

of a photon by an organic material excites an electron from a localised ⇡ bond to

the LUMO ⇡
⇤ state, generating a correlated electron-hole pair, i.e. an exciton.

Additionally, having lower dielectric constants, Coulombic attraction is less well-

screened in organic materials leading to more tightly-bound (EB > kBT ) Frenkel

excitons rather than transient (EB < kBT ) Wannier-Mott excitons (excitonic

e↵ects can generally be ignored at room temperature in inorganic semiconduc-
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tors [58]). Thus the dominant excited species in organic solar cells are neutral

excitons rather than free charge carriers [59,60], although it should be noted that

there is evidence of some direct polaron formation in thin organic films [61,62].

Conjugated polymers tend to have high absorption coe�cients, thus relatively

thin films (on the order of 100 nm) can absorb a significant fraction of sunlight [40].

This helps counter the low mobilities found in these materials. The significant

geometric relaxations of excited states in conjugated polymers also a↵ords them

relatively wideband absorption spectra [58].

Exciton Di↵usion

Once an exciton is generated in the absorbing semiconducting polymer, it can

move through the material by hopping from one conjugated unit to an adjacent

one, either on the same polymer or in a neighbouring one [63]. Being uncharged,

there is no preferred direction for the exciton hopping motion, and it can be

well-approximated by a simple di↵usion model [63, 64].

As shown in figure 2.5, there are several relaxation processes that diminish

the exciton population. These processes may either be largely internal to the

excited molecule (‘unimolecular’ processes), or may involve states in neighbouring

molecules (‘bimolecular’ processes) [57]. The dominant recombination process is

generally unimolecular S1!S0 relaxation in which the excited electron falls back

down from the ⇡⇤ state to the ⇡ state, annihilating with its ‘own’ hole. This can

be either radiative, resulting in emission of a photon, or non-radiatiative, where

the excitation energy is dispersed by phonons. Intersystem crossing, mediated by

spin-orbit coupling, allows conversion of singlet excitons into triplets with integer

spin. Conversion back to the ground-state (T1!S0) can also be accompanied by

radiative or non-radiative emission. Exciton recombination can also take place

at impurity or defect trapping sites. A typical bimolecular process is exciton-

exciton fusion, whereby two excitons meet and the excitonic energy is transferred

from one to the other, leaving just one exciton that rapidly relaxes back towards

the S1 state [57]. Exciton-exciton fusion can be distinguished from unimolecular

relaxation since it is non-linear - its rate varies with the square of exciton density

at any point.

Typically, excitons in conjugated polymers have di↵usion lengths of order 10 –

20 nm [41, 63] after which, on average, they will have recombined via one of the
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Figure 2.5: A schematic summary of the primary exciton recombination pro-
cesses: (a) S1 S0 excitation by absorption of a photon, (b) radia-
tive and non-radiative S1!S0 relaxation, (c) exciton-exciton fusion,
(d) trapping by defect or impurity states, (e) intersystem crossing
and (f) T1!S0 relaxation. Radiative processes are represented by
filled lines and non-radiative processes by dotted lines; unimolecular
processes/states are black and bimolecular processes/states are blue.
The S0

n state is an excited state on a neighbouring molecule.

processes described above. If any charge is to be extracted from the excitons,

they must therefore be dissociated before recombination occurs.

Exciton Dissociation

Given the strong binding energies of excitons in organic materials, a strong driv-

ing ‘force’ is needed to dissociate them. This is most readily generated at the

interface between two materials with di↵erent ionisation potentials. The di↵er-

ence in quasi-Fermi levels in the two materials provides an e↵ective electric field

(E = �rV ), with it being energetically favourable for electrons to move to the

material with the greatest electron a�nity (the electron-acceptor) and for holes to

move to the material with the smallest ionisation potential (the electron-donor).

For brevity, these two materials are usually referred to simply as the acceptor

and donor. In the discussion that follows, we assume the transfer of an electron,

but dissociation may equally well happen via transfer of the hole; this is a mostly

analagous process.
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The exact processes involved in exciton dissociation in OPV materials are

not yet fully understood [58], and it is clear that the simplistic view of simply

requiring materials with o↵set HOMO/LUMO levels is not fully accurate [65].

First of all, the o↵set in energy must be greater than the exciton binding en-

ergy to ensure energetic favourability. Secondly, the dissociated state must be

lower in energy than a simple transfer of the exciton between the two materials.

Finally, it seems that an intermediate ‘charge transfer’ state exists between the

initial intramolecular exciton and fully free polarons [58,65]. This charge transfer

state consists of an electron-hole pair localised on separate molecules, but still

Coulombically-bound to each other. It is not clear what mechanism provides the

energy to overcome this binding and fully separate the charges. Propositions in-

clude phonon-assistance, disordered dipole presence at the interface, preferential

exciton transfer to excited rather than ground charge transfer states and built-in

fields from asymmetric electrodes. Whatever the mechanism for this second dis-

sociation step, it must be faster than the competing recombination process (in

which the donated electron relaxes back to the donor HOMO level) for e�cient

charge separation to occur. Indeed, the rapid timescales of charge dissociation

after exciton generation (. 50 – 100 fs) imply that delocalised states play an im-

portant role, although there are contrasting views on whether the exciton or

polaron states are delocalised [66, 67].

Charge Transport

If an exciton dissociates at the donor:acceptor interface, n- and p-type polarons

will be produced either side of the interface on their respective materials. These

propagate via hopping as described in section 2.1.1. Charge transport to the

electrodes is driven by two di↵erent processes, namely drift and di↵usion. Drift

occurs as a result of the built-in field in the device caused by the choice of elec-

trodes with di↵erent work functions, and usually dominates in the thin film active

regions found in organic solar cells [40]. Di↵usion moves charges away from high

concentrations near the interface into the bulk of the relevant phase, and ulti-

mately towards the electrode. Such charge transport is a complicated balance

between material properties and morpholgy, and so cannot be simply described

for a general system.

Recombination is a problem for polarons as well as excitons, and can be
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categorised into geminate recombination (annihilation of an electron with its cor-

responding excitonic hole) or bimolecular recombination (annihilation with a dif-

ferent charge partner or trapping site). Unfortunately, the dense donor:acceptor

interfaces beneficial for exciton dissociation can increase polaron recombination.

2.1.3 Current Nanostructures in All-Organic Solar Cells

From the above discussion of the processes involved in organic conduction and

organic photovoltaic systems, it is clear that morphology plays an important

role in device performance. An intimate blend of donor:acceptor materials is re-

quired to provide e�cient dissociation of photogenerated excitons (though can

lead to increased geminate and non-geminate recombination of free charge carri-

ers), and connectivity and molecular ordering throughout the active region a↵ects

the charge extraction to the electrodes. The importance of morphology has been

borne out by the developments in device architectures which have enabled the

improvement of device performance.

The history of monolayer, bilayer and eventually bulk heterojunction solar

cells was described in the introduction. Currently, much research focuses upon

investigating and optimising bulk heterojunction morphologies. As a result of the

commercial relevance, most of this research has focused upon simple techniques

that are compatible with spin-coating or reel-to-reel printing, such as material

choice, solvent choice [68], thermal annealing [69] and solvent additives [70]. More

strictly-controlled morphologies have not been the subject of as much investiga-

tion; some important examples are briefly described below and are represented

in figure 2.6.

As an improvement upon simple bilayer devices, the interface between the

two layers can be intentionally ‘roughened’ to increase the interfacial contact

area. This can be achieved, for example, by thermal treatment of specific copoly-

mers [77] or by carefully controlled electropolymerisation [71], each followed by

deposition of the second material. The electropolymerisation process is an inter-

esting alternative to the more commonly-used techniques of solvent processing

and evaporation, and is in particular relevant for template-based device archi-

tectures as will be seen later. The randomly nanostructured bilayer interface

achieved through this method yielded impressive PCEs of 3.0% under 2.5 Suns
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Figure 2.6: Schematic representations of the active region morphologies achieved
so far: (a) bilayer [27] (b) bulk heterojunction [29] (c) ‘roughened’
bilayer [71] (d) nanowires [72] (e) nanorods [73] (f) lamellae [35, 74,
75] and (g) interdigitated fingers [76]. In general, the features are
intended to be of a comparable lengthscale to the exciton di↵usion
length (of order 10 nm), though this is not always achievable.

illumination.

A further degree of morphology control can be achieved by pre-forming ele-

ments of the structure in the polymer blend prior to spin-coating it. This ap-

proach has been investigated with poly(3-alkylthiophene) nanowires of varying

aspect ratios, assembled before mixing with phenyl-C61-butyric acid methyl es-

ter (PCBM) and spin-coating [72]. Transmission electron microscopy and atomic

force microscopy showed the nanowires still intact in the fabricated device, mostly

ordered parallel to the electrodes. Performance improved with increasing aspect

ratio though it is not clear why; perhaps longer wires simply result in fewer

isolated regions.

P3HT nanorods perpendicular to the electrode contacts have been fabricated

by back-filling anodic aluminium oxide templates with molten P3HT [73]. The

resultant nanorods had 50 nm diameter, 100 nm separation and 150 nm length.

Solar cells were fabricated by etching away the template and evaporating on C60,

yielding a seven-fold improvement upon e�ciency compared to bilayer devices.

This was thought to be as a result of improved charge mobility in the P3HT

rods. This mobility enhancement disappears for lower pore diameters, prevent-
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ing smaller rods (better-matched with the exciton di↵usion length) being used

and limiting further performance enhancements. Polymer nanorods are also sus-

ceptible to collapse or coalescence, making such morphologies di�cult to obtain,

especially with more densely-packed rods.

Lamellar structures perpendicular to the substrate surface have been ob-

tained in a P3HT:C60 blend. These were achieved via microphase separation

in a P3HT:PLA diblock copolymer, followed by selective PLA etching and sub-

sequent dip-coating with C60 [74]. However, no solar cells were ever successfully

fabricated from this technique. It is speculated that the problem was doping

of the P3HT during dip-coating, since the C60 could only be dissolved in basic

water (pH> 8) [78]. However, solar cells with a similar lamellar structure have

been successfully fabricated by Lin et al. [75]. Here, diblock copolymers consist-

ing of two polythiophene derivatives (P3HT and P3TODT) were synthesised and

spin-coated with bis-PCBA to form bulk heterojunction devices. The copoly-

mer microphase-separated to give the lamellar structure, while the fullerene was

selectively incorporated into the P3TODT phase due to advantageous hydrogen

bonding. However, although these devices showed better high-temperature stabil-

ity, their performance was inferior to standard P3HT:PCBM blends. This could

be due to the large polythiophene:fullerene content ratio, use of non-standard

materials, moisture absorption by the P3TODT or interfacial issues at the poly-

mer:electrode interface.

Vertical lamellar structures have also been obtained directly from microphase

separation of purely donor:acceptor diblock copolymers, without an insulating

component as is usually needed to guide the phase separation [35]. Annealing the

copolymer blend to maximise phase separation led to a threefold increase in power

conversion e�ciency to 3.1% as compared to simple bulk heterojunction blends of

the two materials. This is a significant performance for a non-fullerene device (the

copolymer was P3HT-b-PFTBT) and results from a much-enhanced short circuit

current. However, rather than morphology, this improvement was attributed

more to e�cient donor:acceptor transfer due to the covalent bond linking the

two components. As described in chapter 1, the rigidity of conjugated polymers

favours microphase separated interfaces with low curvature [34], making direct

fabrication of gyroid-structured donor:acceptor copolymer films challenging.

An alternative approach to imposing structure upon organic solar cells is
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nanoimprint lithography, a recent review of which is given by Yang et al. [79]. In

particular, this technique focuses upon the fabrication of well-defined, interdigi-

tated bilayers allowing horizontal exciton di↵usion to be decoupled from vertical

absorption and charge transport. Double imprinting uses a silicon mould to im-

print the first material, and subsequently uses that as the ‘mould’ to imprint into

the second material, ensuring good interfacial contact between the two materi-

als [76]. The e�ciency of P3HT:PCBM blends in this specific example increased

with decreasing pillar width up to a maximum of 3.25% for 25 nm pillars.

2.1.4 Perovskite Solar Cells

An alternative to organic materials in thin-film, solution-processable solar cells

emerged from dye-sensitised solar cell architectures in 2012, when mesoporous

TiO2 and Al2O3 sca↵olds were coated with methylammonium lead halide per-

ovskite and filled with a solid-state hole transport layer to yield devices with up

to 10.9% power conversion e�ciency [80, 81]. The improved performance with

the insulating alumina sca↵old suggested that the perovskite acted both as an

e�cient light absorber and electron conduction medium, and subsequent fabri-

cation of highly-performing planar architectures confirmed this [82]. Since then,

improvements in materials and solution processing have led to better energy align-

ment at the device’s interfaces and larger perovskite grain sizes, culminating in

power conversion e�ciencies above 22% [20, 83–86]. The combination of good

charge transport and weak exciton binding in the perovskite material implies

that bulk heterojunction nanostructures are unlikely to be useful for photovoltaic

performance, although well-controlled nanostructure may be advantageous for

light-emitting or lasing applications.

Although perovskite devices already seem able to compete with commercially-

available silicon-based devices on e�ciency, there are currently serious problems

with their long-term stability. Replacing the organic hole transport materials with

metal oxide layers that have inherent stability and impermeability to ambient

moisture has shown some success in extending device lifetimes to up to thousands

of hours (i.e. several months) [87–89], as has cross-linking adjacent perovskite

grains to slow decomposition [90]. A secondary concern is the presence of lead

and its issues with toxicity, motivating research into alternatives such as tin-based
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perovskites [91].

2.2 The Gyroid Structure

2.2.1 The Theoretical Gyroid Structure

The gyroid surface was first described conceptually by Schoen in 1970 [92]. Math-

ematically, it is an infinitely connected, triply periodic minimal surface and has

I4132 symmetry with a body-centred cubic Bravais lattice [92, 93]. The gyroid

surface separates two continuous, non-intersecting ‘networks’ in space [94]. A

schematic image of the gyroid surface is shown in figure 2.7(a).

Figure 2.7: Simulated images of gyroid structures, adapted from references [93]
and [95]. Figure (a) shows the single gyroid surface (green), which
divides space into two separate regions. Increasing the value of w in
equation 2.1 leads to surfaces enclosing single gyroids, as illustrated
in figure (b). Setting w = ±t e↵ectively gives the gyroid surface finite
thickness, dividing space into two interpenetrating single gyroids with
inverse symmetry, as illustrated in figure (c).

The gyroid surface can usefully be approximated by all points that satisfy the

following trigonometric equation:

sin(kx) cos(ky) + sin(ky) cos(kz) + sin(kz) cos(kx) = ±w (2.1)

where k=2⇡/a, a is the lattice parameter and w = 0 for the gyroid surface.

Closely related structures with Ia3̄d symmetry can be obtained for alternative
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values of w between 0 and
p
2. Increasing w increases the mean curvature from

zero, and shifts the surface into one of the two interpenetrating networks such

that the relative volume ratios of the two networks change. The volume enclosed

by the resulting surface is known as a ‘single gyroid’, an example of which is

depicted in figure 2.7(b). Setting w = ±t gives two such structures with inverted

symmetry, separated by a gyroid-like surface with finite thickness; this thickness

is determined by the value of t. The combined structure is known as a ‘double

gyroid’, and is shown in figure 2.7(c). The double gyroid is composed of three

continuous phases – the thickened gyroid surface and the two interpenetrating

single gyroids – although it is confusingly referred to as both ‘bicontinuous’ and

‘tricontinuous’ by di↵erent authors [94]. The single and double gyroid structures

are practically interesting because they can be physically realised on a nanoscale

during the phase separation of diblock and triblock copolymers [93, 96].

2.2.2 Phase Separation

Phase separation is the process by which the components of a polymer blend

adopt structure with separate regions of each component, or ‘phase’. This sepa-

ration is thermodynamically driven, with the system tending towards structures

that minimise the free energy of mixing. The minimal free energy configuration

balances minimisation of the interfacial energy between domains of the two phases

and maximisation of entropy:

F = U � TS

As is generally the case, entropic considerations become more important as

the temperature increases. The Flory-Huggins theory is a mean-field theory that

derives an expression for the internal energy and entropy of mixing for a polymer

in solution [97, 98], and can be adapted to the case of a polymer blend [99]. In

the case of a blend of two polymers, A and B, with volume fractions, �A and �B

respectively, the molecular entropy of mixing is given by:

S = �kB(�A log �A + �B log �B)

To calculate the internal energy of mixing, we now assume that the system
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consists of a large number of sites that can be each occupied by a statistical

‘segment’ of one of the species present in the blend. If we count the energy of

interaction between each site and its z nearest neighbours, letting Eij represent

the interfacial energy between two segments of species i and j respectively, and

again taking the probability for any site to be occupied by a segment of species

i to be �i, we derive the expression:

Umix =
1

2
z[(�2

A � �A)EAA + (�2
B � �B)EBB + 2�A�BEAB]

This expression gives the di↵erence in internal energy, per lattice site, between

the completely mixed system and the completely separated system where all

interactions are either AA or BB. We expect the energy of a molecule to scale

simply with its molecular weight such that the molecular internal energy isNUmix.

Introducing the Flory-Huggins parameter, �, allows the free energy per molecule

to be expressed as:

F = (�A ln�A + �B ln�B +N��A�B)kBT,

� =
z

2kBT
(2EAB � EAA � EBB)

Here, � represents the change in energy achieved upon swapping an A segment

for a B segment in an otherwise fully separated system. It is thus a measure of

the free energy ‘cost’ of placing dissimilar segments together; positive � indicates

repulsion between dissimilar segments.

Since the volume fractions �i will be fixed for any given blend, the molecular

free energy F (and hence the phase structure of the blend) varies only as N�,

where � absorbs the temperature dependence of the balance between entropy

and internal energy. Hence N� is frequently used as a stand-alone parameter

describing the thermodynamical driving force behind phase separation [100], and

boundaries between di↵erent phase separated structures can be drawn onto plots

of N� against volume fraction.
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Figure 2.8: Schematic images of two di↵erent monomers, their respective homo-
plymers and a diblock copolymer formed by covalently bonding two
homopolymers.

2.2.3 Microphase Separation of Diblock Copolymers

Copolymers consist of multiple monomer species, as opposed to homopolymers

which are just chains of a single, repeating monomer unit. Diblock copolymers

are copolymers formed from two homopolymers covalently bonded together (see

figure 2.8. This covalent bond plays an important role during phase separation

of the copolymer blend, since it limits the extent to which the two phases can

separate.

Consider a block copolymer blend that would be expected to phase separate

according to the simple polymer blend theory presented above. If there is a cova-

lent bond linking the homopolymers A and B, the two phases can only separate

as far as the separate homopolymers can extend. Immediately, this consideration

shifts the equilibrium structure from macrophase to microphase separation, such

as lamellar, cylindrical or spherical structure (as illustrated in figure 2.9).

However, there is a further complication. Clearly, there is an entropic ‘cost’

to the homopolymers extending away from the covalent bond like this, as there

are fewer extended configurations than coiled configurations. We can arrive at a

quantitative expression for this entropic contribution by counting the number of

possible configurations that give each net chain extension [100, 101]. Consider a

polymer made up of N rigid segments of length b0. In any one dimension, the

end of the polymer chain will then be n ‘steps’ of b0 away the start of the chain,
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where n equals the sum of the steps to the right, N+, minus the number to the

left, N�. Since N� = N �N+, the number of ways of having a net chain length

nb0 is:

W (N, n) =

✓
N

N+

◆
=

✓
N

N+n
2

◆
=

N !

[(N + n)/2]![(N � n)/2]!

The logarithm of W can be simplified using Stirling’s approximation:

ln(W (N, n)) ⇠ N ln(2)� n
2

2N

Finally, extending to three dimensions gives an expression for the entropy, S =

kB lnW and hence free energy contribution �TS for a polymer having end-to-end

distance R:

F (R) = F (0) +
3kBTR2

2Nb0

The proportionality of F (R) to R
2 gives the interesting result that this entropic

consideration leads to a force approximately obeying Hooke’s law for an ideal

spring.

Equilibrium structures can then be predicted by calculating the interfacial and

entropic stretching energies of molecules in di↵erent configurations, and finding

the unit cell structure that minimises the free energy of mixing. Phase transi-

tions are calculated by determining where the structure with minimal free en-

ergy changes. Matsen and Schick formulated a spectral approach within the

self-consistent mean field theory, which has allowed the generation of a theoret-

ical phase diagram featuring several complex microphase-separated structures,

of which the gyroid is one [100, 102, 103]. Given the complexity of the strutures

and the simplifying assumptions made, this theoretical phase diagram agrees well

with the empirically-derived one [104], as shown in figure 2.9.

2.2.4 The Physical Gyroid Structure

As presented in the discussion and phase diagrams above, the gyroid structure is

physically realisable via the microphase separation of diblock copolymer blends.
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Figure 2.9: The phase diagram for diblock copolymer blends as a function of
material fraction and N�, from (a) self-consistent mean-field theory,
and (b) empirical observation [100,103,104].

This was first achieved experimentally by Hajduk et al. [96], and has since been

achieved in blends of at least 28 di↵erent diblock and triblock copolymers [105].

However, it has generally been found that all-conjugated diblock copolymers have

too sti↵ ‘backbones’ for such morphologies to form during microphase separa-

tion [37]. The lengthscale over which the gyroid features form can be tuned to

some extent by varying the molecular weight of the polymers used, although this

requires a corresponding decrease in � in order to reach the same value of N�

on the phase diagram. Decreasing � requires increasing the temperature of the

blend, and this can only be done up to the point where the polymers used will

start to degrade.

Characterisation of the gyroid structure can comprise simple comparisons

of scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) images to computer generated images [106,107], or grazing incidence small

angle X-ray scattering (GISAXS) for more quantitative bulk analysis [38,108]. It

should be noted that double gyroid structures formed from diblock copolymer

blends are generally contracted slightly in the direction perpendicular to the sub-

strate, so that the unit cell is not quite cubic [109].
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In addition to being a physically realisable, regular, periodic nanostructure

with high surface area to volume ratio, the gyroid structure is also the only

microphase-separated structure that is fully self-supporting. Hence selective etch-

ing of one of the material phases does not cause the remaining structure to

collapse. This enables the mesoporous structures formed by the di↵erent ma-

terial phases to be used as templates, and allows the gyroid structure to be

replicated in materials beyond diblock copolymers (for example via electrodepo-

sition [38, 106,110] or atomic layer deposition [111].

2.2.5 The Gyroid Structure in Organic Solar Cells

Beyond its useful properties regarding use as a template for electrodeposition or

electropolymerisation, nanoscale gyroid structure has attractive properties spe-

cific to organic solar cells. A nanoscale donor:acceptor gyroid would have a very

dense interface with mean phase separation potentially comparable to the exciton

di↵usion length for e�cient dissociation. Additionally, the gyroid is a bicontin-

uous structure so all points on either one of the materials would be connected

to the electrode, aiding charge collection. Finally, it is a regular structure so its

features will be well-defined, homogenous and reproducible.

These relevant properties have led to previous studies on the gyroid structure

for use in organic solar cells. Kimber et al. simulated exciton generation, dis-

sociation and charge transport in gyroids compared to random blend structure

and vertical rods [37]. In fact, they found that geminate recombination was a

much greater issue for the twisting gyroid morphology compared to vertical rods

aligned with the drift field across the active region, and that the improvement

upon randomly-ordered blends was minimal. However, they noted that this would

be heavily dependent upon materials properties such as dissociation, hopping and

recombination rates (PFB:F8BT was their test case).

Additionally, an organic-inorganic hybrid device with gyroid structure has pre-

viously been fabricated [38]. Here, the large internal surface area of the gyroid

structure was used to maximise the coverage of the sensitising dye, yielding e�-

ciencies of 1.7% which was competitive with fully-optimised nanoparticle-based

devices of the same thickness. However, to the best of my knowledge, an all-

organic gyroid-structured solar cell has not been reported in the literature.

27



28



Chapter 3

Experimental Techniques

This chapter covers introductions to the general experimental methods used in

this thesis; specific experimental details are included in later chapters prior to

their results.

3.1 Scanning Electron Microscopy

Fundamentally, a scanning electron microscope (SEM) works by scanning a tightly-

focused electron beam across the surface of a sample and measuring the secondary

electron signal resulting from the interaction of the beam with the sample. The

probe electrons are generated with a field-emission gun, and are accelerated and

shaped using electromagnets to form a tightly-focused (few nanometres diameter

at focal point), high energy (⇠ 1 – 10 keV) beam. The detector collects secondary

electrons ejected from inelastic collisions between the beam and the sample to

determine a current as a function of beam position across the sample. For a given

material, the number of secondary electrons ejected is esssentially dependent upon

the surface area the beam impinges upon, and hence the angle of incidence of the

beam onto the sample, allowing a map of the surface topology to be drawn up

from the beam position and secondary electron current. Throughout this thesis,

a Leo 1530VP SEM system is used with an in-lens, secondary electron detector.

Samples must be su�ciently conductive to prevent charging as a result of the

incident beam. Hence all samples were sputter-coated with a gold/palladium alloy

layer a few nanometres thick. This should render the sample surface conductive
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without distorting the morphology. An alloy of gold and palladium was chosen

due to gold’s high conductivity and paladium’s ability to prevent gold ‘islands’

forming, allowing continuous films to be deposited down to nanometre thickness.

3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is another technique for characterisation of

nanoscale surface topography. Whereas SEM allows rapid visual information

over potentially large areas and a range of lengthscales, AFM tends to be more

quantitative, but is usually slower to carry out. The basic setup consists of a

sharp tip on the end of a cantilever that is dragged across the surface of a sam-

ple by a piezoelectric navigation system. A laser beam reflects o↵ the cantilever

and onto a photodetector to measure (and amplify) the cantilever deflection, and

hence the height of the tip. The sub-nanometre resolution of the piezoelectric

motors combined with the amplification of the cantilever deflection by the laser

measurement system means that AFM can, in principle, deliver measurements of

surface topography with atomic precision.

The two principle modes of operation are ‘contact mode’ and ‘tapping mode’.

In contact mode, the piezoelectric system scans the cantilever across the sample

and adjusts the cantilever height to maintain a set cantilever deflection. The

surface topography is then inferred from the the set height required as a function

of scanning position across the sample. In tapping mode, the cantilever is set

into oscillation, and the height of the cantilever adjusted to maintain constant

amplitude of oscillation. Tapping mode generally delivers greater resolution and

less sample damage, but slower operation times.

The atomic force microscopy (AFM) system used throughout this thesis was

a Dimension 3100 with a NanoScope SPM control module. All data was taken

in tapping mode. Data processing was conducted using Gwyddion [112], with

each horizontal scan line in any given scan set to have the same median height,

in order to negate substrate slopes and errors introduced by scanner ‘bow’.
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3.3 Visible Absorption Analysis of Molecular Or-

dering

The absorption spectrum of a conjugated molecule depends upon its internal

conformation and its interactions with surrounding molecules. Since both of

these depend upon the spatial configuration of the molecules in a polymer film,

inferences about the molecular ordering in a polymer film can be made based

upon its absorption spectrum [113,114].

The absorption of isolated conjugated molecules generally peaks in the vis-

ible range as a result of their ⇡ double carbon bonds (the ⇡-⇡⇤ bonding and

anti-bonding splitting is weaker than �-�⇤ splitting, which tends to correspond

to energies in the ultraviolet spectrum [115]). Experiments with molecules sus-

pended in solvent mixtures with varying temperatures or good/poor solvent ratios

demonstrate red-shifting peak absorption and the appearance of fine structure as

the polymer chains planarise and extend from coil- to rod-like conformations, as

shown in figure 3.1(a). It is worth noting that aggregation accompanies the tran-

sition to rod-like conformations, but that the independence of the observed ab-

sorption behaviour from polymer concentration indicates that intrachain e↵ects

dominate the change in absorption, rather than interchain interactions arising

from aggregation [116].

The red-shift observed as a result of the transition from coil-like to rod-like

conformations arises from the increased conjugation down the chain that this

conformation a↵ords. Kinks and twists between adjacent thiophene units on a

polymer chain disrupt the ⇡-orbital overlap and e↵ectively break the polymer

up into connected oligomers of di↵erent conjugation lengths [120]. A simple

treatment of the ⇡ electrons as non-interacting ‘particles in a box’ predicts the

S1 S0 transition energy to scale as 1
/L, the e↵ective conjugation length, as spatial

confinement decreases [115]. Indeed, absorption spectra taken for oligothiophenes

of varying lengths follow this simple 1
/L scaling very reliably, at least over the

range of short chain lengths measured (one to seven thiophene units) [121].

The multiple peaks present in the fine structure of the planarised chains arise

from excitation to di↵erent nuclear vibronic energy levels. Rather than being

stationary, the atomic nuclei in the molecule oscillate around their equilibrium

positions. This nuclear motion is composed of various di↵erent modes, for exam-
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Figure 3.1: a) The shifting absorption spectrum of P3HT in solutions at di↵er-
ent temperatures [116]. As the temperature decreases, the polymer
undergoes a coil- to rod-like conformational transition, red-shifting
the absorption and causing fine structure to appear in the spectrum.
b) Fluorescence excitation spectra of tetracene at very low and low
vapour pressure in argon, in a methyltetrahydrofuran glass and as a
solid-state film [115,117–119]. As the environments surrounding each
molecule become more varied across the sample, the vibronic peaks
broaden.

ple C=C stretching or C-H in-plane bending modes, each with their own frequency

!i and corresponding energy (⌫ +1
/2)~!i. At room temperature, the nuclei are

in their vibronic ground-states (⌫ = 0), but since photoexcitation of the elec-

tronic states happens on much shorter timescales than nuclear relaxation, the

photoexcitation can cause transitions to excited vibronic states (⌫>0). The pho-

toexcitation transitions and resultant absorption spectrum for a typical sample

of non-interacting conjugated molecules are shown in figure 3.2.

Although a completely isolated molecule (experimentally approximated by di-

lute vapour-phase molecules in inert gases [122]) has very sharp vibronic peaks,

in most experimental setups the conjugated molecule will be surrounded by some

interacting environment; the variation in the local environment around each

molecule causes these peaks to broaden (see figure 3.1(b)). Additionally, the vari-

ation in e↵ective conjugation lengths present in a polymer film leads to statistical

broadening of the absorption peaks. Variation in conjugation length is expected
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to be greater in amorphous polymer films compared to ordered crystallites, hence

the featureless absorption in the coil-like phase in figure 3.1(a) [56, 123]. The
1
/L dependence of S1 S0 transition energies additionally indicates that variation

in conjugation lengths causes greater variation in transition energy for shorter

chain lengths, further enhancing the broadening in amorphous or non-aggregated

polymer regions with short conjugation lengths.

Figure 3.2: Diagrams showing (a) vibronic transitions in absorption, (b) the
resulting spectrum (with peaks from higher transitions in dashes),
plus (c) a schematic representation of H-aggregate compared to J-
aggregate stacking [124]. The variable Qi in the left-hand diagram
is the reciprocal vector space of a nuclear vibrational mode; note
that the excited electronic state (S1) has a di↵erent nuclear vibronic
ground-state, and hence is displaced in the x-direction compared to
the electronic ground state S0.

Interactions between conjugated molecules will also a↵ect the overall absorp-

tion spectrum. As molecules approach each other during aggregation, the interac-

tion between them will form bands from the individual molecular states. A simple

treatment [115, 125] for a pair of identical molecules expresses the two-molecule

Hamiltonian as:

Ĥ = Ĥ1 + Ĥ2 + V12

where Ĥ1,2 are the Hamiltonians for the individual molecules and V12 is the in-

teraction perturbation. This interaction perturbation is the Coulomb interaction

between the two molecules (often approximated by the point-dipole approxima-

tion, the case where two dipoles are separated by a distance considerably larger

than the dipole moments themselves). The overall two-molecule state can be
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approximated as a linear combination of the two individual molecular states,

giving:

| g>= | 1> | 2> and | E±>=
1p
2
(| ⇤

1> | 2> ± | 1> | ⇤
2>)

for the ground and symmetric/antisymmetric excited two-molecule states respec-

tively, where | i> and | ⇤
i> are the single-molecule ground and excited states

respectively. The two-molecule ground state is o↵set from the sum of the in-

dividual ground state energies by the van der Waals interaction, given by the

term D =< 1 2|V12| 1 2>. This is a stabilising term that lowers the two-

molecule ground state energy compared to two isolated molecules, which is why

the gas- to solid-phase transition occurs in the first place. The energy of the

excited two-molecule state, as well as being o↵set by a van der Waals interaction,

is additionally split by the o↵-diagonal element of the interaction perturbation,

±� = ±< ⇤
1 2|V12| 1 ⇤

2>. This term may loosely be thought of as the energy

arising from the interaction between the charge overlap of one excited molecule

and one ground state molecule with the dipole moments of the two molecules.

Extending this model from two molecules to an infinitely long stack of molecules,

the split states extend into an exciton band of bandwidth 4� [115].

The transition dipole moment for the two-molecule system is given by µ± =

< g|er| E±> = 1p
2
(µ1 ± µ2), where µi are the individual molecule transition

dipoles, µi =< i|er| ⇤
i > [115]. Hence the oscillator strength for transitions

depends upon the vector sum of the individual moleculear transition dipole mo-

ments, and thus the relative orientation of the two molecules. In ‘H-aggregates’,

the molecules tend to stack in a co-planar manner (see figure 3.2), and the E+

excited state has the strongest transition dipole moment while the E� has zero

transition dipole moment. The reverse is true for ‘J-aggregates’, which tend to

stack in a colinear manner. For perfectly ordered films, this means that transi-

tions only occur to the top (bottom) of the exciton bands for H- (J-)aggregates.

Although disorder in the film will weaken these selection rules to some extent,

overall the vibronic absorption peaks are not broadened significantly by the for-

mation of exciton bands.

These principles have been developed by Frank Spano into a theoretical frame-
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work giving the optical spectra of H-aggregating polymers with coplanar, lamel-

lar packing and weak excitonic coupling (and specifically regioregular P3HT)

[113, 114]. The excitations are considered to be Frenkel excitons, with an elec-

tronically and vibrationally excited molecule surrounded by vibrationally, but

not electronically, excited molecules [114]. Indeed this technique has been used

by several authors to assess molecular ordering in P3HT and P3HT:PCBM films

[51,56,126–128]. Since the conjugated ⇡-electron system that leads to the visible

absorption spectrum is the same in both P3HT and unsubstituted polythiophene,

this analysis should be approximately applicable to PT films too. The C=C

stretching mode that is taken to be dominant is present in both materials, and

a variety of spectroscopic methods have shown that unsubstituted and alkylated

polythiophenes materials have very similar photoexcited bandstructures [129].

Furthermore, the alkyl chains of P3HT have a very small dipole moment, mean-

ing their absence should not have much e↵ect on the intermolecular interactions.

The main two potential sources of discrepancy are the molecular packing pat-

tern and the intermolecular spacing. Spano considered the case of coplanar,

lamellar stacking, which P3HT is known to adopt. Although powder samples of

chemically synthesised polythiophene have been found to adopt a herringbone

arrangement with two molecules per unit cell [52, 130], electropolymerised films

of polythiophene show a strong molecular orientation preference relative to the

substrate, implying a lamellar structure [131–133]. This dependency on prepa-

ration method is not unreasonable, especially given the electrolyte counterions

that are incorporated into electropolymerised films. However, the intermolecular

separations within these stacking patterns are likely to be di↵erent for P3HT

and unsubstituted polythiophene. The separation in the plane of the chains will

be substantially smaller given the lack of alkyl side-chains, and the ⇡-⇡ stack-

ing distance could be slightly a↵ected too. Packing of electropolymerised films

will depend upon the electropolymerisation conditions, especially the electrolyte

counter-ion, but X-ray di↵ractometry has reported distances of 3.5 Å and 5.0 Å

for polythiophene (electropolymerised with tetrafluoroborate counter ion) [132]

compared to 3.8 Å and 16.4 Å for P3HT [134] in the ⇡-⇡ and coplanar directions

respectively. These di↵erences could induce some discrepancies between Spano’s

theoretical model and experimental results for electropoymerised polythiophene

films.
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The condition of weak excitonic coupling means that the nuclear vibrational

energies are greater than the exciton coupling between adjacent molecules, so that

the spectral shape of absorption arises from the vibronic bands. The excitonic

interactions then modify this vibronic spectrum from the case of an isolated

molecule, mostly a↵ecting the relative intensities of each vibronic peak. Following

Spano’s treatment, the absorption, A, is modelled as:

A/
1X
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where S is the Huang-Rhys factor, Ep is the phonon energy of the C=C sym-

metric stretch (taken as a representative sole vibrational mode), n and m are

vibronic modes, E00 is the energy of the ⇡-⇡⇤ transition between both lowest

vibrational levels, W is the exciton bandwidth and � is the energetic disorder fit-

ting parameter [56, 113, 135]. Photoluminescence and absorption spectra of very

dilute P3HT solutions (where interchain interactions can be neglected) can be fit

with Franck-Condon profiles to yield a value for S of 1.00 [136]. Similarly, Ra-

man spectroscopy and vibrational calculations give a value for Ep of 1440 cm-1, or

179meV [137]. Using S = 1 and considering only the first five vibrational modes

(the factor 1
/m! drops beneath 1

/100 for m� 5), the expression for the absorption

can be simplified to:
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(3.1)

Note that the symbol e in equation 3.1 denotes the mathematical number, not

the electronic charge. For simplicity, the broadening is assumed to be Gaussian,

with the same standard deviation, �, for each vibronic peak [136]. This broaden-

ing arises from the energetic disorder introduced by torsional defects, kinks and

chemical defects in the polymer chains [113]. The variable E00, the energy of the

0-0 S1 S0 transition, is dependent upon the e↵ective conjugation length dom-

inating the absorption, but varies only weakly with conjugation length for long

conjugation [121], so should be relatively constant across di↵erent crystallites.
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The final variable is W , the exciton bandwidth. As described previously in

this section, this results from the strength of intermolecular interactions between

an excited molecule and neighbouring ground-state molecules. It depends upon

the inter-molecular separation, and conjugation lengths on the individual mole-

cules [138, 139]. The interaction, and hence bandwidth, decreases with increas-

ing intermolecular separation as would be expected. For very short conjugation

lengths, the transition dipoles of neighbouring molecules are separated by more

than the dipole length, allowing the point dipole approximation to be made. In

this regime, the dipole moments scale with N , the number of thiophene units

in the conjugated segment, and W / N [139]. For longer conjugation lengths,

the point dipole approximation breaks down. Instead, the two molecules can be

treated as a series of dipole moments on each thiophene unit [140]. Using the

general expression for the energy of two aligned dipoles separated by a distance

r at an angle ✓ to the dipole orientation, U = 1
4⇡"0

[p1 · p2 � 3(p1 · r̂)(p2 · r̂)], it
is clear that dipole combinations reduce the interaction energy for cos2 ✓ >

1
/3,

i.e. for moments separated by large distances perpendicular to the ⇡-stacking

axis [139, 141]. For long conjugation lengths, W /1
/N [139].

Figure 3.3 compares theoretical and experimental relationships between the

exciton bandwidth, W , and the number of repeat thiophene units in a conju-

gated segment, N . Experimental data from Westenho↵ et al. [142] and Apperloo

et al. [143] have been extracted from absorption spectra of aggregated end-capped

oligothiophenes with defined lengths, while data from Crossland et al. [144] comes

from absorption spectra of spin-coated P3HT films, in which crystallite widths

were measured with AFM to estimate conjugation lengths. The first theoretical

curve shown in figure 3.3 uses the expression derived by Beljonne et al. with the

fitting parameters derived by Clark [139, 145]. This fits the data relatively well,

but uses a value for the ⇡-⇡ separation of 1.1 Å, which seems unphysically small.

The second theoretical curve models an infinite one-dimensional stack of olig-

othiophene chains with the intermediate neglect of di↵erential overlap method,

including non-nearest neighbour interactions and dielectric screening [138]. De-

spite their di↵erences, all the experimental and theoretical data agree with the

prediction for W to decrease with conjugation length for all but the shortest

conjugation lengths.

A further, simple relationship between W and N has been fit to the experi-
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Figure 3.3: Graph showing experimental data (from di↵erent sources [142–144])
and theoretical fits to this data (using published models [138,139] and
the simple inverse relationship used in the rest of this thesis) of the
relationship between exciton bandwidth and the number of thiophene
units in a conjugated segment.

mental data shown in figure 3.3 to allow for approximate conversion of values for

W deduced from absorption spectra to e↵ective conjugation lengths, N . Using

the expectation for W to be inversely proportional to N for large N [139], the

equation W = k
N�N0

, with k and N0 as fitting parameters, was fitted to the data

and is shown as the solid red line in figure 3.3. This relationship will be used

henceforth in this thesis, with the understanding that the values for N so-derived

are approximate. A length of 3.9 Å per thiophene unit down the chain is assumed

for conversion of N to lengths in nm [146].

3.4 X-Ray Scattering

The correspondance of X-ray wavelengths to the intermolecular distances in poly-

mer films make them a useful probe of polymer structure. For the thin film sam-

ples investigated in this thesis, grazing incidence di↵ractrometry is used, measur-

ing samples in reflection rather than transmission, as shown in figure 3.4. In this

setup, the incident X-ray beam strikes the sample at a very shallow angle (ide-

ally beneath the critical angle of the substrate), allowing significant path length

through the sample, but confining scattering to the film of interest and not the
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substrate [147]. Intense (or, more accurately, brilliant) beams with very low di-

vergence are required for good angular resolution, so experiments are typically

conducted at synchotron beamlines, where such X-ray sources can be prepared.

A two-dimensional scattering map can be drawn up, with scattered intensities

measured as a function of scattering angles (or reciprocal vectors) in the y- and

z-axes, as indicated in figure 3.4. This allows measurement of crystal orientation

relative to the film normal as well as crystal spacing and intensity [148].

Figure 3.4: Representative diagram of a grazing incidence di↵ractometry setup,
taken from reference [149]. The incident X-ray beam, ki, strikes the
film at an angle ↵i and is scattered onto a two-dimensional detector
at an angle of ↵f from the horizontal and 2✓f from the incident axis,
yielding the scattering vector kf . The reciprocal dimensions qz and
qy measure the scattering direction in the two respective directions.

At the most basic level, intense scattering is expected wherever periodic struc-

tures present in the film satisfy the Bragg condition n� = 2d sin ✓, where n is the

di↵raction order 1, 2, 3 etc., � is the X-ray wavelength, ✓ is the scattering angle

and d is the spacing of the periodic structure o↵ which the signal is scatter-

ing [150]. Thus a peak in intensity at a certain scattering vector implies the

presence of a periodic structure with a given orientation and spacing, with the

peak intensity giving a measure of the how widespread that structure is in the

sample and the peak width corresponding to the size distribution of individual

crystallites.

By altering the position and type of detector, small or large scattering angles
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can be accurately detected. The two corresponding techniques are called grazing

incidence small angle X-ray scattering (GISAXS) and grazing incidence wide

angle X-ray scattering (GIWAXS) respectively. Since these measurements refer

to reciprocal space, GISAXS is used to measure features substantially larger than

the X-ray wavelength (⇠ 1 nm– 1 m) and GIWAXS is used to measure features

on a similar lengthscale to the X-ray wavelength (⇠ 0.1 – 10 Å) [147, 151]. In the

context of polymer solar cells, GISAXS typically gives information about the

donor:acceptor phase separation in the film, while GIWAXS gives information

about the polymer crystallinity. GIWAXS is used in this thesis, and all such

measurements were performed by Dr Alessandro Sepe.

3.5 Photoluminescence Spectroscopy

Photoluminescence quantum e�ciency (PLQE) is measured using monochromatic

laser excitation of a sample within an integrating sphere. The integrating sphere

completely disperses all light incident upon its interior surface, so that all angular

dependence in the illumination is lost. In e↵ect, this means that all light from a

light source in the sphere is redistributed isotropically over the whole surface of

the sphere, independently of the angular dependence of the emission. Hence the

full emission can be calculated by measuring the output from a small gap in the

sphere surface and scaling by the solid angle this gap covers.

Figure 3.5: Figure illustrating the three steps of taking PLQE measurements.
Experiment 1 measures the incident intensity, experiment 2 the ab-
sorbed and subsequently emitted scattered light, and experiment 3
the emission from directly absorbed light.
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As shown in figure 3.5, the experiment is run in three configurations to make

the PLQE measurement. First, the laser illuminates the empty sphere and the

detector records the total illumination count. Next, the sample is placed inside

the integrating sphere but o↵set from the incident laser. Finally, the sample is

placed such that the laser is incident upon it. The PLQE is then determined by

comparisons of the photon count at the excitation wavelength (unabsorbed light)

and the photon count at longer wavelengths (emitted light) for each case. A good

description of the detailed calculations are given by de Mello et al. [152], but, in

brief, the second step gives a measure of the light scattered from the sphere back

onto the sample, and how much emission this causes. This allows deconvolution

of the scattered and absorbed light during direct illumination of the sample . This

method requires as little overlap between excitation and emission wavelengths as

possible, so that the two can be distinguished by wavelength and to minimise

re-absorption of emitted light.

3.6 Transient Absorption Spectroscopy

Transient absorption spectroscopy uses laser pulses to measure how the absorp-

tion spectrum of a sample evolves after photoexcitation back to its equilibrium

state. A representative setup is illustrated schematically in figure 3.6. Two

pulses are used for each measurement - a monochromatic ‘pump’ pulse that ex-

cites the sample above its ⇡-⇡⇤ transition energy, and a broadband ‘probe’ pulse

whose transmission through the sample is used to measure the sample’s absorp-

tion spectrum. By varying the delay between the arrival of the pump and probe

pulses, absorption spectra can be taken as a function of time after excitation.

The temporal resolution is limited principally by the duration of the laser pulses

used, and can commonly reach femtosecond timescales (‘ultrafast transient ab-

sorption spectroscopy’) [153]. For such short pulses, the pump and probe beams

are generated from the same initial laser pulse.

The recorded signal is usually expressed as the change in the sample’s trans-

mission after excitation, normalised by the steady-state transmission:

�T

T
=

TPump-On � TPump-O↵

TPump-O↵
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Figure 3.6: Schematic representation of the transient absorption spectroscopy
setup. A broadband probe beam strikes the sample at a controllable
delay after a monochromatic pump beam, allowing measurement of
the sample’s absorption spectrum as a function of time after photoex-
citation.

where T represents transmission, and ‘Pump-On’ and ‘Pump-O↵’ represent the

transmission after photoexcitation and in the steady-state respectively. This

value, �T
T , is measured both spectrally and as a function of delay between pump

excitation and probe transmission.

There are three principle spectral features commonly observed during tran-

sient absorption spectroscopy, namely ground state bleaching, stimulated emis-

sion and photoinduced absorption [153]. Derivative features such as electro-

absorption or many-body phenomena can also be observed, but are not considered

here.

Ground-state bleaching occurs when the pump beam excites electrons from

the ground state to excited states, depopulating the ground state and hence re-

ducing the absorption of the probe beam by ground-state electrons. This increases

transmission relative to steady-state, resulting in a positive signal, and occurs in

the same spectral region as peaks in the steady-state absorption spectrum.

If the probe beam frequency matches an optically active transition between

an excited state and the ground state, it can stimulate the transition and cause

emission of an additional photon to the probe photon. This also registers as an

increase in transmission from the steady-state, and hence gives a positive signal.

42



Stimulated emission usually has a very similar profile to the photolumiescence

spectrum, although it can overlap with photoinduced absorption signals.

Just as ground-state bleaching arises from depopulation of the ground-state,

the pump beam populates excited states which can then absorb the probe beam to

be excited to yet higher states. This results in decreased transmission compared

to steady-state, and hence is detected as a negative signal. This phenomenon

is known as photoinduced absorption, and is typically observed at sub-bandgap

energies.

3.7 Space-Charge Limited Current Measurements

Consider an infinitely large film of thickness L sandwiched between two metal

contacts held at a potential di↵erence of V , as shown in figure 3.7. In the simplest

case of the film being a vacuum, Gauss’s law tells us that r ·E = ⇢
/"0 = 0. Given

that the film is much wider than it is thick, we can assume that E doesn’t vary

in the y- or z-directions so that we get dE
dx = 0, i.e. E(x) is constant too. Since V

is the integral
R x=L

x=0 Edx = EL, we arrive simply at E = V
/L. No current flows

through the vacuum.

If instead the film is an insulating dielectric, the voltage will induce a polarisa-

tion of the bound charges in the film, so more work will be required to charge the

electrodes to achieve the same voltage. However, the film is still electrically neu-

tral and, though polarised, the net charge density will be balanced at all points

in the film, so again r ·E = 0 and the field is the same as for a vacuum, E = V
/L.

There are no free charges and no current flows.

For a conductor, there are free charges spread through the film. Nevertheless,

the overall film is neutral, the charges are balanced, and r · E = 0. Again,

E = V
/L, but now this results in a current flowing, J = �E = �

LV , which

is constant throughout the film. This is essentially Ohm’s law. Note that the

existence of the current does not contradict the statement that the charge density

is zero throughout the film – the moving charges that constitute the current are

balanced by stationary counter-charges at all points.

We now turn to the case of a semi-conducting film. A strong enough voltage

will eventually lead to charges from the electrodes being injected into the film,

leading to a current flowing due to the resultant electric field. Unlike in the
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Figure 3.7: An infintely wide film of thickness, L, is sandwiched between two
contacts held at a potential of 0 and V respectively. The field and
current in the film are considered for various di↵erent film materials.

conductor, whose free charges were inherent to the material and hence balanced by

stationary charges, these injected charges are ‘surplus’ free charges sor·D = ⇢f 6=
0 and assuming linear, isotropic, homogeneous polarisability so that D = "E, we

obtain:

r · E =
⇢f

"
�! dE

dx
=

ne

"

where n is the free charge density and " is the permittivity of the semiconductor.

It is clear that the electric field does now vary through the film. However, by

continuity, the net current will be constant in the film, and is the sum of drift

and di↵usion currents:

J = nevd � eD
dn

dx
= neµE � eD

dn

dx

where vd is the drift velocity of the charges through the film, µ is the charge

mobility in the film and D is the coe�cient of di↵usion. Using Einstein’s relation

eD = kBTµ [154], it can be seen that di↵usion is negligible compared to drift

currents when eV � kBT , which at room temperature is obtained for voltages
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substantially greater than 25mV [155]. Neglecting di↵usion, substituting for n

and re-arranging gives:

J = "µE
dE

dx

From this, E(x) can be found by integrating with respect to x (remembering that

J is constant):

Jx+ k =1
/2µ"E

2

where k is the constant of integration. Assuming that E(x = 0) = 0 (this is

not true if the contacts are not Ohmic, but approximately holds provided any

injection barrier extends into the film by much less than the film thickness [155]),

the constant of integration is zero and we arrive at:

E(x) =

s
2Jx

µ"

Finally, this can be integrated from x = 0 to x = L to derive the voltage, V , in

relation to the resultant current:

V =

Z x=L

x=0

E(x) dx =

s
8JL3

9"µ

Re-arranging this expression to find the current, we obtain:

J =
9"µV 2

8L3
(3.2)

Hence measuring the current as a function of applied voltage allows extraction

of the value for the charge mobility, µ. This technique has been used to detemine

mobilities in a variety of materials, including conjugated polymer films [53]. Other

methods for measuring mobility do exist, for example time-of-flight measurements

or characterisation of thin film transistors built from the relevant material, but

these are less applicable to the bulk mobility of charges perpendicular to the

substrates through a thin film, as is relevant in solar cells.

The current calculated in equation 3.2 is known as the space-charge limited

current, since the electric field driving it is limited by the build-up of injected

45



charges around the electrode that form a charged region opposing the field of the

applied voltage. Note that in the vacuum considered originally, a strong enough

voltage can also cause field emission of charges from the electrode into the vacuum,

yielding similar results as for the semiconducting film (although the current does

not reach a drift velocity in vacuum, changing the voltage dependency to V
3/2).

3.8 Solar Cell Characterisation

A variety of important properties relevant to solar cells can be deduced by mea-

suring the current output of the device as a function of the potential across

its electrodes, both with and without illumination. Figure 3.8 demonstrates a

representative voltage-current measurement typical of solar cells, combined with

bandstructures illustrating the internal field of the device under di↵erent applied

potentials. For simplicity, throughout this discussion the active layer of the so-

lar cell is represented as a single semiconductor, with band levels given by the

HOMO of the donor and the LUMO of the acceptor respectively.

As the device materials are brought together to build the solar cell, the Fermi

levels of the two metal electrodes equilibrate, generating a ‘built-in’ electric field

that is essentially constant throughout the active layer. In the dark, and under

zero applied potential, the device is in equilibrium and no net current flows. The

drift current induced by the built-in field balances the opposite di↵usion current

resulting from the di↵erent intrinsic Fermi levels in the two electrodes.

Significant current only flows under dark conditions once the applied potential

is strong enough to inject charge carriers from the electrodes into the active layer

of the solar cell. The metal contacts act as a reservoir of electrons and holes, but

the semiconductor bandstructure only allows hole injection into the HOMO and

electron injection into the LUMO. Since the materials will generally be chosen so

that the anode (cathode) work function closely matches the HOMO (LUMO), this

means that charge injection is limited to holes from the anode into the HOMO,

and electrons from the cathode into the LUMO. This asymmetry gives the so-

lar cell diodic behaviour, with significant injection only under applied potentials

opposite to, and greater than, the built-in potential. Unlike in conventional semi-

conductors, where Schottky barriers typically form at the semiconductor:metal

interface, electric-field dependent injection indicates that field emission tunnelling
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Figure 3.8: Representative J-V curve for an organic solar cell, surrounded by
bandstructure diagrams before the materials are in contact (a), and
under di↵erent applied potentials (b – e). The maximum power con-
version occurs for the greatest simultaneous product of J and V ,
denoted Pmax on the diagram.

is responsible for charge injection at polymer:metal interfaces [156]. Following

Fowler-Nordheim tunneling theory, the injection current varies approximately

exponentially with the e↵ective field at the polymer:electrode interface [156,157],

leading to the sharp growth in current at su�cient forward potentials.

Illuminating the device simply adds a photocurrent to the existing drift and

di↵usion dark currents. Under short-circuit conditions, the built-in field sweeps

the photogenerated carriers to the electrodes, generating a short-circuit current

density, JSC. Applying a reverse potential reinforces the built-in field, increasing

the current slightly as it reduces photogenerated charge losses to traps and other
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resistance. Applying a forward potential diminishes the built-in field, until the

internal field is zero. Di↵usion of photogenerated charges will still generate some

net current, but at open-circuit voltage (VOC) conditions, this di↵usion is balanced

by drift currents and the net current is zero. Even more positive potentials sweep

photogenerated charges against the built-in field direction, and allow injected

currents as in dark conditions, leading to a strong positive current. Between

short-circuit and open-circuit, the device generates power given by the product

J ⇥V . The maximum power point Pmax = JmaxVmax hence falls between JSC and

VOC, with the ratio JmaxVmax/JSCVOC known as the fill factor. Evidently, a higher

fill factor corresponds to better power conversion e�ciencies. Good fill factors

are achieved when photocarrier trapping and recombination are low, so that a

diminished built-in potential is still e�cient at sweeping photogenerated charges

to the electrodes.

A second common characterisation technique for solar cells is to measure the

external quantum e�ciency (EQE) of the device. This is a measure of the number

of charges extracted per photon absorbed, and is usually spectrally resolved. The

general EQE setup is shown in figure 3.9. A monochromator varies the wavelength

of light incident upon the device, which is split before reaching the device so as to

illuminate a photodetector at the same time as the solar cell. This photodetector

is pre-calibrated (by running the experiment with the solar cell replaced by a

second photodetector) so that the incident photon flux upon the device can be

measured simultaneously with its extracted current. Typically, this measurement

is conducted with the device at short-circuit, but any desired potential can easily

be applied.
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Figure 3.9: Schematic of the general EQE setup. By comparing the current out-
put with the incident photon flux, the external quantum eficiency of
a solar cell can be measured.
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Chapter 4

Electropolymerisation of

Thiophenes in Ionic Liquids

4.1 Introduction

Generally, polymer-based solar cells are fabricated using solution-processing tech-

niques, mostly spin-coating [40]. However, conjugated polymers may also be de-

posited by electropolymerisation of monomers from solution onto an appropriate

conducting substrate [158]. Indeed, several reports describe functioning solar cells

employing electropolymerised polythiophenes as a donor material [159–163], with

power conversion e�ciencies ranging between 0.1 and 1.5% under standard illu-

mination conditions (Gao et al. achieved 3.0% conversion e�ciency under 2.5 Sun

illumination [71]). The attraction of electropolymerisation as a deposition route

for polymer solar cells in this thesis is its compatibility with templated deposition

to allow direct control over the nanostructure of the polymer film. Although some

of the previous reports of electropolymerised poythiophene solar cells attempted

to indirectly control the polymer morphology through the deposition parameters,

none used a templating approach to directly control the morphology.

Polythiophene can be electropolymerised from a variety of solvents, but the in-

tention to ultimately polymerise around the gyroid templates used in this project

restricts the choice of solvents to those that are compatible with the template

material. These templates are described in more detail in chapter 5, and consist

of poly(4-fluorostyrene-r-styrene). The dissolution or swelling of this material in
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the majority of organic solvents motivated the use of ionic liquid electrolytes,

since many of these were found to be compatible with the templates.

This chapter focuses on electropolymerisation without templates. With regard

to use in solar cell devices, film coverage and molecular ordering were of partic-

ular interest. A brief review of the electropolymerisation process and previous

investigations into the influence of experimental conditions on film morphology

is given, before a presentation of the results obtained in this project.

4.2 Background

4.2.1 Electropolymerisation of Conjugated Polymers

The standard electrochemical procedure for synthesis of conjugated polymers is

anodic polymerisation. Although the exact details are still debated, the basic

process is depicted in figure 4.1, and described as follows [164, 165]. Neutral

monomers in solution are oxidised to their radical cation form at the anode.

Since charge transfer occurs much faster than di↵usion, a high concentration

of monomer cations is maintained at the anode surface for potentials above the

oxidation potential. These monomer cations couple to give di-hydro dimer cations

(also termed ‘�-intermediates’ [166]), which subsequently lose two protons and

re-aromatise to yield dimers. It is now well-established that dimerisation occurs

between two cations, rather than involving a neutral monomer or a (neutral)

deprotonated cation [165,167,168]. Given the lower oxidation potential of dimers

compared to monomers, these dimers will be in their oxidised state. Oxidised

dimers can then ‘dimerise’ again to form tetramers, and so on, forming ever

longer oligomers. Since reactivity decreases with chain length, longer oligomers

have slower coupling and de-protonation rate constants than shorter chains [169,

170]. This makes it much more likely for a monomer to couple with another

monomer rather than an oligomer, and extrapolating this trend makes it seem

likely that oligomers of the same size preferentially couple, rather than monomers

joining growing polymer chains [165, 167]. The observation of a relatively long-

lived intermediate �-dimer implies that deprotonation is the rate-limiting step

at each stage of oligomerisation [166]. Beneath a certain de-protonation rate,

the �-coupled chains are essentially stable and no further oligomerisation occurs,
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Figure 4.1: Schematic indicating the proposed polymerisation process of poly-
thiophene. Oligomerisation proceeds via successive oxidation, cou-
pling and de-protonation steps.

ultimately limiting the chain length that can be reached in solution.

Provided su�cient de-protonation can occur, the charged oligomers are suf-

ficiently stable in the solution, and charged oligomers have a reasonable chance

of interacting before di↵using away, the molecular weight of the oligomers can

eventually exceed the solubility limit, causing precipitation out of solution onto

the anode. Thus nucleation and growth of the polymer film begins. Investi-

gation into the nucleation and growth mechanisms of electropolymerisation has

mostly been based upon mechanisms observed in the electrodeposition of metals.

However, metal electrodeposition is a far simpler process than elecropolymerisa-

tion because it involves just one redox reaction, namely the reduction of metal

ions at the electrode surface, whereas multiple species and steps are involved

in electropolymerisation. A variety of nucleation and growth mechanisms have

been observed during electropolymerisation, including instantaneous nucleation

(growth only from initially-formed nuclei) and progressive nucleation (continuous

formation of nucleation sites during polymerisation), with two-dimensional and

three-dimensional growth out from the nuclei [171]. These observed mechanisms

can occur simultaneously, with relative dominance depending strongly upon ex-

perimental conditions including monomer concentration, electrolyte solution and

electrode surface and morphology [165,171,172].

Polymerisation processes can continue once oligomers have been deposited

onto the electrode surface. This has been investigated via ‘solid-state’ electropoly-
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merisation experiments, using oligomers dip-coated or sublimated onto electrodes

as an initial film and polymerising them potentiodynamically [173, 174]. This

method simplifies analysis by removing solution-based reactions, and the e↵ects of

potential on processes such as di↵usion. Such oligomers can grow to longer chain

lengths, and also start cross-linking with each other [174, 175]. With higher ap-

plied potential, the average linkages per monomer unit were observed to increase,

eventually to beyond two per unit, indicating cross-linking between molecules at

their sites. This occurs as higher potentials charge oligomers to higher cationic

states, for example octathiophene goes through neutral, dicationic, tricationic

and up to hexacationic states with increasing applied potential [174].

4.2.2 Molecular Ordering in Electropolymerised Polymers

As discussed in chapter 2, the physical properties of a polymer film can depend

strongly upon the molecular ordering in the film. In particular, charge mobility

through the device will be a↵ected by morphology. The complex relationship

between morphology and conductivity, as well as the interdependency of numer-

ous experimental conditions and oligomerisation steps during electropolymerisa-

tion make it di�cult to elucidate optimal electropolymerisation conditions. In

any case, these may be specific to the exact electropolymerisation setup used.

Nevertheless, some trends in the e↵ect of electropolymerisation conditions upon

morphology and conductivity have emerged.

Important parameters to control during electropolymerisation include the

electrochemical technique and chemicals used, the electropolymerisation poten-

tial, the monomer concentration and the temperature. Galvanostatic (constant

current) electropolymerisation has been observed to give smoother, more uni-

form films compared to potentiostatic (constant potential) electropolymerisation

due to the reduced impact of inhomogeneities on the electrode surface [164,176].

Potentiodynamic (systematically varying potential) techniques have also yielded

smooth films on account of new growth nuclei forming during each voltage cy-

cle, preferentially occurring at sites of slower previous growth [177]. The cycling

potential in potentiodynamic growth also repeatedly switches the polymer film

between its doped and de-doped states (for more information see section 4.2.4).

The resulting insertion and removal of doping counter-ions concurrently causes
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swelling and de-swelling of the film [178], and has been associated with inferior

polymer ordering [165,175], although this may be confounded by cycling to high

potentials in the same reports.

The choice of precursor, solvent and electrolyte can determine if polymerisa-

tion occurs at all. There are even some highly reactive monomers that can only

ever form soluble oligomers, never polymer films [166]. Solvents must have a large

enough dielectric constant to allow ionic conductivity, and a wide enough electro-

chemical window to withstand the high potentials often used during electropoly-

merisation [164]. The electrolyte anion also plays an important role in electropoly-

merisation. Good electron-donor anions can form ‘ion pairs’ with oligomers of

intermediate charging levels, avoiding neutral and over-oxidised molecules unable

to polymerise, and significantly facilitating coupling by reducing Coulombic re-

pulsion [179]. Water content in organic solvents has been found to facilitate elec-

tropolymerisation of polypyrrole due to its basicity enabling de-protonation [180],

but is known to impair electropolymerisation of polythiophene [164, 181]. Addi-

tionally, surfactants added to the electrochemical bath are capable of reducing the

monomer oxidation potential by stabilising the radical cationic monomer and en-

hancing conductivity in the electrolyte medium, ultimately improving molecular

ordering in the polymer deposits [133].

Some e↵ects of high electropolymerisation potential, monomer concentration

or temperature have been found to be interchangeable because increasing any of

these factors leads to an increasing reactivity and increased rates of polymeri-

sation [182]. With electropolymerisation from organic solvents, such increased

polymerisation rates have typically been associated with more disordered molec-

ular stacking and/or worsened conductivity [175,183–187]. Various explanations

for this have been developed. Higher potentials increase charging level and reac-

tivity of oligomers, which can lengthen oligomers in the film, but also encourages

linkage defects and cross-linking [174, 175]. Electropolymerised polypyrrole in

particular has been found to consist of two distinguishable components, ‘PPyI’

which has long chain lengths (32 – 64 pyrrole units), poor crystallinity and low

conductivity, and ‘PPyII’ which has short chain lengths (8 – 12 units), high crys-

tallinity and high conductivity [184, 188]. Despite long chain lengths, linkage

defects limit the conjugation in PPyI. Electropolymerisation at higher potentials

or temperatures increases the proportion of PPyI deposited (very high potentials
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yield highly cross-linked ‘PPyIII’). Higher temperatures have also been found to

worsen conductivity despite yielding longer chain lengths by encouraging cross-

linking [185,186], which was explained by faster de-protonation at higher temper-

atures enabling more linkage defects. Furthermore, high monomer concentrations

were found to reduce the conjugation in resulting electropolymerised films, and

thus impair their conductivity [187]. This was explained in terms of increas-

ing concentrations favouring oligomerisation in solution rather than direct chain

growth of monomers onto the initally-deposited polymer. Since - 0 linkages be-

come less dominant with oligomer length, polymer growth one monomer at a

time was thought to reduce the chance of linkage defects. However, the chain

propagation mechanism is no longer regarded as an accurate description of poly-

mer growth. Increased reaction rates can also decrease the pH at the electrode

during deposition, since protons are released upon each coupling reaction and will

di↵use into the bulk solution at a set rate. Overly acidic conditions are known

to hydrogenate thiophene units [189], yielding polymer films with disrupted con-

jugation [132, 190]. Another simple factor favouring slower growth could simply

be that a faster deposition rate leaves the system less able to organise into a

well-stacked film.

Atomic force microscopy and its variations (Kelvin probe force microscopy and

current-sensing atomic force microscopy) have also revealed that crystallinity and

conductivity is not homogeneous throughout electropolymerised films [191, 192].

Instead, higher crystallinity was found in the nuclei of electropolymerised poly-

thiophene films, with lower crystallinity in the surrounding material. It was hy-

pothesised that longer oligomer chains (which have lower solubilities) reach their

saturation concentration sooner than shorter oligomer chains and hence form the

nuclei, with shorter oligomers filling the remaining regions during later electrode-

position. During electropolymerisation, the morphology shifts from small, highly

crystalline grains to larger grains with a larger amorphous component, situated

at the periphery of the grains.

4.2.3 Electropolymerisation from Ionic Liquids

Despite the substantial body of literature examining electropolymerisation of con-

jugated polymers, this has mostly been conducted in aqueous or organic solvents.
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There are two important di↵erences between these and ionic liquids. Firstly, the

physical properties of ionic liquids are quite di↵erent from aqueous or organic

solvents, including a tendency to be more viscous and less conductive. For ex-

ample, low temperatures during electropolymerisation in ionic liquids have been

associated with problems of high viscosity and low di↵usion, whereas electropoly-

merised film properties are generally improved by low temperatures during elec-

tropolymerisation from organic solvents [176]. The nucleophilicity of ionic liquids

is also very low, meaning highly-charged cations are more stable in these me-

dia [165]. Secondly, no electrolyte is required in an ionic liquid, meaning among

other things that the anion of the ionic liquid itself dopes the polymer during

electropolymerisation, rather than the electrolyte chosen for aqueous or organic

solvents.

4.2.4 Doping and De-Doping of Conjugated Polymers

The charged species involved in the electropolymerisation process cause counter-

ions from the electrochemical solution to be incorporated into the deposited film.

The redox behaviour of conjugated polymers enable charge to be shuttled between

these incorporated counter-ions and the polymer after (as well as during) depo-

sition, changing the polymer’s oxidation state. The transition between oxidised

and neutral forms of the polymer can be controlled through application of an ex-

ternal potential, in which case the process is known as ‘doping’ and ‘de-doping’.

The counter-ions do not necessarily leave the film during de-doping, especially if

they are relatively bulky (& 5 – 6 Å [158]). Indeed insertion of oppositely-charged

counter-dopant ions may be induced by de-doping. Under ambient conditions,

both states of polythiophene and derivatives are relatively stable so the doping

state is essentially permanent until actively changed [193].

Despite the higher conductivity of doped conjugated polymer films, the inter-

bandgap states formed upon doping act as recombination centres which hinder

performance in photovoltaic devices [71]. Hence most reports of electropoly-

merised PT solar cells use fully de-doped films, although a detailed study found

that a low level of doping was actually beneficial [159]. Conventional devices

employing spin-coated P3HT do not contain dopants and hence these films are

in their fully neutral (‘de-doped’) state.
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4.3 Experimental Methods

4.3.1 Electrochemical Setup

Polythiophenes were electropolymerised using a three electrode setup with ionic

liquid electrolytes, as shown in figure 4.2 (a). The whole setup was contained

in an argon glovebox atmosphere, and was controlled with a CH Instruments

600C electrochemical workstation. Electropolymerisation took place at the work-

ing electrode, generally 2.2mm thick glass substrates coated with fluorine-doped

tin oxide (FTO). A platinum foil counter electrode was used. Standard ref-

erence electrodes such as the saturated calomel electrode, or silver/silver chlo-

ride reference electrode are not suitable for use with non-aqueous media [194],

and could contaminate the experiment and glovebox with water. Often pseudo-

reference electrodes such as silver or platinum wires are used with non-aqueous

media, but these were found to be very unstable, with voltage variations of up to

500mV. This is not unexpected, since pseudo-reference electrode potentials de-

pend upon impurities and oxide layers on the electrodes [195,196]. Hence a more

stable reference elctrode was used, following a previously-reported setup [197].

This reference electrode consisted of a silver wire immersed in 10mM silver

bis(trifluoromethylsulfonyl)imide in BmimTFSI, contained in a sealed glass cap-

illary with a glass frit at the end to allow electrical conductivity, but minimise ion

transport. Adding 0.05M ferrocene to the polymerisation solution allowed the

reference electrode to be referenced to the Fc/Fc+ redox couple (figure 4.2 (b)),

as recommended by IUPAC guidelines for working with non-aqueous reference

electrodes [198]. For electropolymerisation from BmimTFSI containing 0.05M

bithiophene, the Fc/Fc+ redox couple equilibrium was found to be �0.395V.
Two polymer precursors, 2,20-bithiophene (BT) and 3-methylthiophene (3MT),

and four ionic liquids, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-

imide (BmimTFSI), 1-ethyl-3-methylimidazolium tetrafluoroborate (EmimBF4),

1-ethyl-3-methylimidazolium hexafluorophosphate (EmimPF6), and 1-ethyl-3-me-

thylimidazolium ethyl sulphate (EmimEtSO4) were used. The viscosity and elec-

trical conductivity of these ionic liquids are given in table 4.1, along with those

properties for 1M lithium perchlorate in propylene carbonate, a typical organic

solvent mixture for electropolymerisation. Since the physical properties of ionic

liquids are heavily influenced by water content in the ppm range [199], the values
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Figure 4.2: a) Schematic diagram of electrochemical setup. A standard three-
electrode setup is used, with a platinum foil counter electrode, an
Ag/Ag+ reference electrode and the working electrode, typically FTO
glass. b) Cyclic voltammogram of the ferrocene redox reaction in a
typical deposition solution (0.05M BT in BmimTFSI), showing peak
anodic current at �0.28V and peak cathodic current at �0.51V,
yielding an equilibrium potential of �0.395V vs. Ag/Ag+ overall.

shown in table 4.1 are indicative rather than absolute.

The ionic liquids were stored and used in an argon atmosphere to avoid con-

tamination with air or water. Additionally, molecular sieves were added to the

stock ionic liquid, and the electrochemical baths were bubbled with argon for

approximately 15 minutes before each batch of electropolymerisation. Halide im-

purities can be present in ionic liquids as a result of the synthesis procedure;

silver salts (silver nitrate, silver tetrafluoroborate and silver TFSI) were added to

a small sample of the ionic liquid to check for precipitation of silver halide salts.

Small amounts of precipitate were observed with each silver salt when added to

the EmimBF4, EmimPF6 and EmimEtSO4 samples. This precipitate was ini-

tially white but darkened with time, and dissolved in ammonia solution to give

a clear solution, indicating its identity as silver chloride and hence the presence

of chloride impurities in the ionic liquids [206]. By contrast, no precipitation was

visible in the BmimTFSI sample even after months, suggesting very low halide

impurities.

Prior to electropolymerisation, the FTO substrates were cut to the desired
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Solvent Viscosity (mPa s) Conductivity (mS/cm)
BmimTFSI 40 [200] 4.6 [200]
EmimBF4 37 [201] 14 [201]
EmimEtSO4 122 [202] 0.08 [202]
EmimPF6 170 [203] 0.005 [204]
Propylene Carbonatea 4 [205] 6 [205]

Table 4.1: Approximate physical properties of ionic liquids and representative
molecular solvent system; a the properties for propylene carbonate
correspond to 1M LiClO4 electrolyte.

shape and size with a diamond scribe and washed with ‘piranha solution’, speci-

ficly 3 parts sulphuric acid to 1 part hydrogen peroxide, at 90 �C for 10 minutes.

This solution reacts violently with most solvents, and extreme caution should

be exercised when carrying out this cleaning step. After piranha treatment, the

substrates were rinsed with de-ionised water and then sonicated for 10 minutes

in de-ionised water before being blown dry with nitrogen.

4.3.2 Visible Absorption Analysis

After electropolymerisation, films were washed with ethanol and dried under a

nitrogen stream prior to absorption measurements. The absorption spectra of

electropolmyerised films were taken with an HP 8453 UV-Visible ChemStation

spectrometer, measuring in transmission. Hence reflection and scattering from

the film will also contribute to the detected absorption. As outlined in section 3.3,

equation 3.1 was fit to the measured spectra to assess molecular ordering. The

fitting parameters were the exciton bandwidth, W , the energetic disorder, �, and

the percentage of the film that is amorphous. The fitting was conducted using

the Python function ‘curve fit’, a least-squares fitting algorithm [207]. Fitting

was conducted over the spectral region between absorption from the amorphous

polymer at high energies and significant scattering and reflection at low energies.

Following previously reported applications of this method to P3HT, the specific

range for fitting was ⇠ 2.00 – 2.30 eV (⇠ 540 – 620 nm) [56].

It is worth noting that absorption was also measured relative to a reference

sample, usually bare FTO. For absorption spectra measured of films submerged

in 0.1M aqueous LiClO4, this occasionally resulted in apparently negative ab-
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sorption for wavelengths greater than ⇠620 nm. This negative absorption really

represents an improved transmission after coating the film with polythiophene,

presumably as a result of index matching. This phenomenon has also been re-

ported for P3MT films on thin gold [71] (where its cause was speculated to be

optical interference or plasmonic scattering).

4.3.3 Grazing Incidence X-Ray Di↵ractometry

GIWAXS measurements were performed by Dr Alessandro Sepe at the Adolphe

Merkle Institute (University of Fribourg, Switzerland) beamline under vacuum.

The scatterless beamline employed the high brilliance Rigaku MicroMax-007HF

source, equipped with a rotating Cu-anode. The beam was focused to a size of

500 m2 on the sample, with a footprint on the sample averaging over ⇠ 1 cm in

length. A beamstop for the primary beam was employed. An image plate was

employed for GIWAXS with a sample-detector distance of 0.1m. The structural

properties of the thin films were studied at incident angles slightly above the

critical angle of the nanostructured thin films, allowing the films to be investi-

gated over their full thickness. The samples were moved out of the beam after

each measurement to avoid damage from the beam. The q-space calibration was

performed by fitting the characteristic scattering signal arising from silver behen-

ate. One-dimensional intensity profiles were extracted from the two-dimensional

GIWAXS maps by integrating the signals in the directions parallel and perpen-

dicular to the substrate. The data were also chiefly evaluated by Dr Alessandro

Sepe, using Xi-CAM.

4.4 Results and Discussion

4.4.1 Initial Electropolymerisation

The feasibility of electropolymerisation for di↵erent precursors and ionic liquids

was initially gauged using cyclic voltammetry with a range of precursor con-

centrations, assessing visible deposition and evidence for polymerisation in the

voltammogram (see next section). No polymerisation was achieved for either BT

or 3MT precursors in EmimPF6 or EmimEtSO4, at any potential, concentra-

61



Chemical BmimTFSI EmimBF4 EmimPF6 EmimEtSO4

BT 3 patchy 7 7
3MT patchya occasional strips 7 7

Table 4.2: Summary of electropolymerisation success sith di↵erent precursor and
ionic liquid combinations. A 7 indicates no deposition under any con-
ditions tried, a 3 indicates successful deposition of uniform films under
all conditions tried. a P3MT films electropolymerised from BmimTFSI
were patchy unless high potentials (> 0.9V) or temperatures (> 60 �C)
were used.

tion or temperature tried. Polymerisation of 3MT was very rarely observed with

EmimBF4, and only ever along a thin strip situated where the top of the ionic

liquid touched the substrate. Electropolymerisation of BT from EmimBF4 was

more reliable, but still yielded patchy film coverage. By contrast, polymerisa-

tion was readily achieved from BmimTFSI. For 3MT, this deposition was patchy

across the substrate unless high potentials (> 0.9V) or temperatures (> 60 �C)

were used. Uniform film coverage was possible for all conditions tried with BT

from BmimTFSI. These results are summarised in table 4.2.

Since polymerisation depends upon coupling of cationic radicals followed by

de-protonation of the resultant oligomer, the solvent system must stabilise cationic

oligomers long enough for them to interact with each other, and facilitate the

de-protonation step. It could be that EmimPF6 and EmimEtSO4 do not satisfy

these requirements, or it could be that their high viscosities and low conductivities

prevent formation of reasonable concentrations of interacting charged oligomers

near enough to the electrode. Previously, poor electron-donor anions, including

PF6
– and BF4

–, were found to be unable to support electropolymerisation of 2,20-

bipyrrole whereas strong electron-donor anions could, via the formation of stable

‘ion pairs’ with reduced Coulombic repulsion [179].

It is known that water can act as a proton scavenger during electropolymeri-

sation [180]. Being more basic than the oligomers formed during polymerisa-

tion, water encourages de-protonation rather than hydrogenation of the coupling

products. If this process is required to reach oligomer lengths su�cient for pre-

cipitation onto the electrode, the presence of small amounts of water may be

necessary to allow film deposition. Hence occasional presence of water impuri-

ties may explain the narrow strips of P3MT deposition sometimes observed for
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polymerisation from EmimBF4. Such strips of deposition where the solvent sur-

face meets the electrode has been observed before, and also put down to water

impurities absorbed from the atmosphere at the surface of the ionic liquid [208].

As mentioned previously, water content is also known to hamper extensive film

growth and worsen the resulting film properties [164,181].

The previously-described interchangeability of high potentials, temperatures

and concentrations makes it unsurprising that either high temperatures or high

potentials can be used to promote uniform film deposition of P3MT from Bmim

TFSI; presumably higher 3MT concentrations would have the same e↵ect, al-

though this wasn’t observed for concentrations up to 2M. The tendency for patchy

films at low oligomerisation rates indicates enhanced precipitation onto already-

deposited polymer rather than bare electrode. Such nucleated growth has been

widely observed in electropolymerisation, with the dominant growth mechanism

previously observed to shift from instantaneous to progressive nucleation with

increasing potentials, favouring more uniform deposition [171]. The uniform film

coverage consistently found for PBT polymerised from BmimTFSI suggests that

oligomerisation rates are inherently faster than for 3MT, perhaps because the

TFSI– anion forms ion pairs with oligothiophenes more readily than with oligo(3-

methylthiophenes).

Given the versatility and reliability of BT polymerisation from BmimTFSI,

this system was used for all further experiments described in this thesis, un-

less specifically described otherwise. The specific BmimTFSI used here had the

added benefit of being the least contaminated with impurities of the ionic liquids

received, as described in section 4.3.

4.4.2 Voltammetric Analysis

Typical cyclic voltammograms for thiophene electropolymerisation are given in

figure 4.3. These voltammograms show polymerisation of (a) 2,20-bithiophene,

and (b) 3-methylthiophene, in BmimTFSI. The voltammograms shown here match

previously reported voltammetry of polythiophene electropolymerisation in ionic

liquids [209,210].

In figure 4.3(a), the current rises sharply at around 0.4V on the first anodic

sweep, before crossing at a lower voltage of around 0.3V on the return sweep. Al-
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Figure 4.3: Cyclic voltammograms for (a) 0.05M bithiophene, and (b) 0.02M 3-
methylthiophene, in BmimTFSI, taken between -0.5V and +0.5V at
50mV/s against a Ag/Ag+ reference electrode. Arrows on the first
scan label the direction of potential scanning. The trace displays the
features typical of thiophene electropolymerisation, namely the ‘redox
catalysis’ loop on the first scan, large currents above the precursor
oxidation potential, and redox peaks at lower potentials correspond-
ing to doping processes in the polymer film, which grow on sucessive
scans as the polymer film thickens.

though this has been previously identified as a nucleation loop resulting from an

initial overpotential required for nucleating growth [211], more recent experiments

have demonstrated that it is in fact due to so-called ‘redox catalysis’ [209]. In such

redox catalysis processes, radical oligomers donate charge to neutral monomers in

a homogeneous comproportionation reaction to give radical monomers which can

themselves couple and oligomerise (see figure 4.4). This homogeneous oxidation

can be far quicker than the heterogeneous oxidation of the monomers at the elec-

trode. Very soon after comproportionation, the oligomer can be heterogeneously

oxidised back to its higher oxidation state, contributing to the current measured

in the voltammogram. This explains how the current can be higher on the re-

turn sweep than the outward sweep (and hence produce trace-crossing), since the

oligomers generated on the outward sweep catalyse further monomer oxidation

on the reverse sweep. This also increases the reactive monomer concentration at

the electrode substantially [209].

Redox catalysis is also responsible for the decreasing potential (from ⇠+0.4V

to ⇠+0.3V) of the steep oxidation peak of the bithiophene precursor observed for
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Figure 4.4: Schematics of the di↵erent oxidation mechanisms during electropoly-
merisation. A monomer can either be heterogeneously oxidised at the
electrode, or homogeneously oxidised via a comproportionation reac-
tion with a doubly-oxidised dimer. The homogeneous reaction can be
far quicker than the heterogeneous reaction, leading to the trace-
crossing observed in electropolymerisation voltammograms. Note
that these processes are not limited to monomers and dimers, but
can occur for all lengths of oligomer.

successive anodic sweeps. As the population of oligomers increases, in particular

from zero after the first anodic sweep, they increasingly catalyse monomer oxi-

dation. Heterogeneous oxidation of monomers at the electrode cannot take place

beneath the monomer oxidation potential (⇠+0.4V), but homogeneous monomer

oxidation can take place once the potential reaches the oligomer oxidation poten-

tial, which decreases with oligomer length.

The shallower, broader current peaks between around �0.2V and +0.3V

on the anodic sweep and +0.3V and �0.4V on the cathodic sweep correspond

to doping and de-doping processes in the deposited polymer film. The current

associated with these peaks grows on successive sweeps as the deposited polymer

film grows. The breadth of these peaks arises from the variety of oligomer lengths

and hence redox potentials present in the solution [165].

The voltammogram of 3MT electropolymerisation shown in figure 4.3(b) ex-

hibits the same qualitative behaviour as for BT electropolymerisation. The only

substantial di↵erence is the increase in the initial oxidation potential, from around

0.4V to 0.9V.
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4.4.3 De-Doping Electropolymerised Thiophenes

Anodic electropolymerisation of polythiophene leaves it in its conducting, doped

form, which is unsuitable for use in photovoltaics [71]. The visible absorption

analysis developed by Spano and used here to assess film morphology also as-

sumes the polymer is in its neutral state, free of absorption arising from inter-

band polaron and bipolaron states. Hence all films were de-doped prior to further

characterisation or device fabrication, by applying a potential beneath the reduc-

tion potential until the current stabilised around zero. The potential was chosen

according to the cathodic reduction peak observed in a cyclic voltammogram of

the film. A typical current trace for de-doping is shown in figure 4.5(a), corre-

sponding in this case to a PBT film de-doped at �0.5V. A fast initial drop in

current is followed by a slower decline, but by 20 s the current has essentially

fallen to zero and de-doping is complete. The transition from fast de-doping to

slow de-doping could result from the polymer film becoming more compact as

dopants are removed from it, slowing the di↵usion of dopants at later times [178].

If this is an accurate explanation, this would suggest that at least some of the

dopants are removed from the film during de-doping.

Figure 4.5: a) Typical de-doping current, here corresponding to a PBT film de-
doped at �0.5V. The current stabilises to zero after a fast initial
decrease followed by a slower decline. b) Absorption spectra of a
P3MT film as a function of applied potential. The film was submerged
in an aqueous 0.1M LiClO4 solution, against an Ag/AgCl reference
electrode (not the same as the electropolymerisation reference).
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The e↵ect of doping upon the polymer bandstructure is readily seen from vis-

ible absorption spectra. Figure 4.5(b) shows how the absorption spectrum of a

P3MT film changes with applied potential. The film was electropolymerised in

BmimTFSI before being washed and transferred to a monomer-free 0.1M LiClO4

aqueous solution to prevent further polymerisation and facilitate in situ absorp-

tion measurements. The potentials indicated in the figure correspond to an

Ag/AgCl reference electrode. The doping level of the film increases with ap-

plied potential, and cycles reversibly as the potential is increased or decreased.

No changes to the spectrum were observed for potentials below 0.4V or above

1.0V, implying that by 1.0V, the sample had been fully doped and by 0.4V, it

had been fully de-doped. The apparently negative absorption beyond 620 nm at

0.4V arises from improved transmission compared to a blank substrate, presum-

ably due to index-matching. The observed spectra match previously reported

theoretical and experimental results [212, 213], with a ⇡-⇡* transition at 490 nm

in the neutral state giving way to lower energy peaks corresponding to absorption

to bipolaron states introduced into the polymer bandgap. In fact, two bipolaron

states should be present, with absorption around 775 nm and 1770 nm, although

the second is outside the range of detection here. The ⇡-⇡* peak decreases as the

band-edge states with greatest oscillator strength move into the bipolaron states,

and blueshifts slightly as the interband bipolaron states widen the bandgap.

4.4.4 Optimising Electropolymerisation Conditions

Visible absorption measurements were used as a covenient way to assess molec-

ular ordering in the electropolymerised films. As an initial trial of this analysis

method, absorption spectra of a PBT film electropolymerised potentiostatically

at 0.35V were measured after annealing at di↵erent temperatures (the films were

cooled to room temperature before the absorption was measured). The spectra

and resultant fitting parameters are shown in figure 4.6. Absorption spectra of

films annealed up to 250 �C are displayed here; spectra taken at higher temper-

atures maintain the same spectral shape, but decrease in magnitude indicating

the onset of polymer degradation (the samples were annealed in air).

The weaker 0-0 transition (around 600 nm) compared to the 0-1 transition

(around 555 nm) in figure 4.6(a) is evidence of H-aggregate behaviour in the PBT
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Figure 4.6: a) Absorption spectra of a PBT film deposited at 0.35V from 0.05M
BT in BmimTFSI, taken after annealing at di↵erent temperatures.
The fitted spectrum for the film annealed at 250 �C is also shown.
b) Chart showing the changes in exciton bandwidth (W ), energetic
disorder (�) and proportion of amorphous PBT during annealing, as
determined by fitting the absorption spectra to equation 3.1.

films (assuming a Huang-Rhys factor of close to unity, which is expected for the

dominant C=C vibrational mode) [114]. The dotted line in figure 4.6(a) shows

the best fit of equation 3.1 to the absorption spectrum taken at 250 �C, yielding

the fitting parameters recorded in figure 4.6(b). Although there is only a narrow

region where this fitted spectrum matches the experimental spectrum, reflection is

known to distort the measured absorption at wavelengths longer than the polymer

bandgap [214], and absorption from the amorphous parts of the film contributes

to absorption at shorter wavelengths (indeed this is how the percentage of the

film that is amorphous is calculated) [126], so this narrow region of good fitting

is expected and has been consistently observed previously [51, 56, 126].

Thermal annealing provides thermal energy for the polymer film to re-arrange

itself into a lower energy equilibrium arrangement, and is routinely used to im-

prove ordering in spin-coated polythiophene films with a kinetically trapped ini-

tial morphology [30, 31, 69, 215]. This re-organisation is thought to proceed via

de-planarisation of the polythiophene chains during annealing [56, 216], induced

by twisting of adjacent thiophene units, along with increased molecule mobility,

followed by re-organisation towards more crystalline configurations during cool-

ing [46]. Although the alkyl side-chains are thought to play some role in the

re-organisation [215], thermal annealing has also led to improved crystallinity
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in chemically synthesised powder samples of unsubstituted polythiophene [52].

Specifically, conjugation lengths, crystallite dimensions and the relative propor-

tion of crystalline to amorphous polymer have all been found to increase after

heat treatment [46, 52, 215].

Figure 4.6 clearly shows red-shifting absorption with increasingly resolved vi-

bronic peaks for increasing annealing temperatures. The fitting parameters show

monotonically declining values for W and � with annealing temperature, other

than for W at the very highest annealing temperature. Following the discussion

in section 3.3, this corresponds to extending conjugation lengths with a narrow-

ing distribution of lengths across the film. The exciton bandwith decreases from

92meV to 73meV, corresponding approximately to an increase in conjugation

length from 24 to 31 repeat thiophene units, or 9 nm to 12 nm, using the relation-

ship shown in figure 3.3. Simultaneously, the energetic disorder term decreases

from 83meV to 70meV. These results are consistent with the thermal annealing

of P3AT films spin-coated from a low boiling point solvent, such as chloroform,

which has been found to yield films of poor initial crystallinity that improves

after annealing [46, 51, 126, 215]. Thermal annealing of P3OT films spin-coated

from chloroform was found to extend conjugation lengths from 5.7 nm to 8.6 nm,

with a narrower distribution for higher temperatures [215], and a very similar de-

crease in energetic disorder, from 80meV to 72meV was observed during thermal

annealing of a P3HT:PCBM film spin-coated from chloroform [51].

The third fitted parameter is the proportion of the film that is amorphous,

which is essentially constant throughout the annealing process, increasing slightly

from 72% to 74%. Combined with the decreasing values for W and �, this sug-

gests that crystallisation proceeds through the merging of smaller conjugation

segments to form larger ones, simultaneously increasing conjugation lengths and

decreasing energetic disorder, without a↵ecting the amorphous regions. This has

been observed for P3HT aggregating in solution as the concentration of a poor

solvent is increased [128], but is atypical for thermal annealing of P3AT films,

where crystallites have been observed to grow at the expense of surrounding amor-

phous regions [30, 51, 215]. The value of ⇠ 70% is also higher than reported for

annealed, spin-coated films of regioregular P3HT, where values in the range of

45 – 60% are more usual [51, 52, 126, 217]. In contrast, regiorandom P3HT is of-

ten found to have negligible crystallinity [46]. This points to the first likely cause
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for the behaviour seen in electropolymerised films of polythiophene. Although

there are no side-chains, so regioregularity isn’t relevant to PBT, the bithiophene

units are free to polymerise at or positions (see section 2.1.1). Conjugation

is disrupted by - 0 and - 0 links [44, 45], and these defects cannot be removed

by thermal annealing. This is known to be a problem in electropolymerised films

due to the progression through increasing oligomer size before polymerisation.

Initially, - 0 linkages are promoted by the sulphur atom on the thiophene unit,

which stabilises the free radical at the site. However, this stabilisation dimin-

ishes with oligomer length, so that the probability of the radical being at the

site increases from ⇠ 5% for a monomer to ⇠ 50% for a trimer (although steric

hindrances will still favour - 0 linkages) [218,219].

Another possible cause of the relatively large proportion of amorphous poly-

mer is the influence of the counter-ions that are incorporated into the film during

electropolymerisation. For deposition from BmimTFSI, the bulky TFSI ion will

be embedded in the PBT, which could disrupt the PBT stacking. Indeed, GI-

WAXS reveals a broad peak around 1.5 Å-1, corresponding to a ⇡-⇡ stacking sep-

aration of 4.4 Å (discussed later, see figure 4.8), larger than the 3.5 Å separation

observed in polythiophene electropolymerised with the smaller tetrafluoroborate

ion [132]. However, it is not clear why thermal annealing would have no e↵ect

on the proportion of amorphous film if the presence of counter-ions were causing

this, and de-doping was thought to remove at least some of the dopants from the

film.

Next, the evolution of crystallinity throughout the film growth was assessed

by examining the absorption spectra for films of di↵erent thickness. All samples

were electropolymerised potentiostatically at 0.35V for varying deposition times

to give films of di↵erent thickness. The absorption spectra and corresponding

fitting parameters are shown in figure 4.7. Although the energetic disorder and

proportion of amorphous film are una↵ected by film thickness, there is a clear

variation in exciton bandwidth. As the film thickens, W falls from 149meV to

60meV, corresponding to an increase in conjugation from 14 to 38 thiophene

units (6 nm to 15 nm). A systematic redshift in peak absorption, from 486 nm to

508 nm, complements this decrease in bandwidth, strengthening the implication

that it is due to extending conjugation rather than optical e↵ects.

More can be learnt about the evolution of polymer morphology with film
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Figure 4.7: a) Absorption spectra for PBT films electropolymerised potentiostat-
ically at 0.35V, deposited for di↵erent lengths of time until the corre-
sponding charge had been consumed, inset shows normalised spectra.
b) Fitting parameters - although the energetic disorder, �, and the
proportion of amorphous film are essentially una↵ected by film thick-
ness, W decreases sharply for thicker films.

thickness from GIWAXS measurements, which measure mainly the coplanar and

⇡-⇡ stacking in the film (see figure 4.9), and are therefore complementary to

the absorption spectrum analysis (W is related to conjugation length, but is not

strongly a↵ected by the extent of coplanar stacking, and the variation with ⇡-

⇡ stacking diminishes with increased stacking). Hence GIWAXS measurements

were performed on the 5mC, 10mC and 20mC films from figure 4.7, as well as

a blank FTO reference sample. The spectra were integrated over the qy and

qz directions (see figure 3.4) to assess in-plane and out-of-plane morphologies

respectively. These results are shown in figure 4.8(a) and (b).

There are two main features in the spectra shown in figure 4.8, sharp peaks at

0.38 Å-1 and 0.64 Å-1 (marked with arrows) and a broad feature around 1.4 Å-1, as

well as peaks in the FTO reference at 0.30 Å-1 and 0.47 Å-1. Since the FTO peaks

do not overlap with any of the film features, they can be ignored. The peaks

at 0.38 Å-1 and 0.64 Å-1 correspond to a stacking distance of 16 Å, the coplanar

stacking separation. They are visible only in the 5mC film, and only in the

in-plane direction, indicating edge-on oriented polymer chains (as illustrated in

figure 4.9). The broad peak around 1.4 Å-1 corresponds to a stacking distance

of 4.4 Å, commensurate with the ⇡-⇡ stacking in polythiophene. This peak is

visible in all films and all directions, and grows in magnitude with film thick-
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Figure 4.8: Grazing incidence, wide angle X-ray spectra of PBT films elec-
tropolymerised potentiostatically at 0.35V for varying times from
BmimTFSI, with a blank FTO substrate for reference. Spectra in-
tegrated over the directions (a) parallel, and (b) normal, to the sub-
strate; these signals have been normalised at featureless points in their
background signal (qz=0.75 and qy=0.5) and o↵set to aid in visual-
isation. The broad peak around 1.4 Å-1 indicates a ⇡-⇡ stacking sepa-
ration of 4.4 Å, whereas the sharp peaks around 0.38 Å-1 and 0.64 Å-1

(marked with arrows) correspond to coplanar stacking of 16 Å. All
GIWAXS measurements taken by Dr Alessandro Sepe.

ness. Hence it appears that there is a transition during polymer growth from

coplanar stacking with edge-on orientation to isotropically-oriented ⇡-⇡ stacking.

Note that previous investigations into spin-coated P3HT films have also found

decreasing X-ray signals for coplanar stacking with increasing conjugation lengths

as inferred from optical spectroscopy or AFM [54, 55]. However, this was acco-

manied by an implied increase in amorphous content, which is not observed in

the electropolymerised films.

Together with the absorption spectra, the GIWAXS data suggest an evolution

in deposited polymer morphology as shown in figure 4.9. Initial film growth is

composed of polymer chains with strong coplanar stacking in an edge-on orien-

tation but weak ⇡-⇡ ordering and short conjugation lengths. As the film grows,

the coplanar ordering weakens significantly, but ⇡-⇡ ordering improves and the

e↵ective conjugation lengths increase. However, the edge-on orientation is lost,

giving way to isotropically-oriented crystallites. Perhaps a relaxation in an ini-

tial constraint on orientation allows for better crystallinity as the film develops.
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This seems to correlate with previous investigations of polymer electropolymeri-

sation, where preferential orientation of the polythiophene chains was observed to

be induced at the substrate and slowly diminish with film thickness, giving way

to isotropically oriented crystallites (although both e↵ects were dependent upon

polymerisation conditions) [177,220,221]. O’Neil et al. also investigated polymer

morphology and crystallinity at various stages during polymer film growth and

reported a transition from highly crystalline, small grains at the beginning of film

growth to larger grains containing crystalline cores and amorphous peripheries as

the film thickened [192]. Despite the increasing amorphous content, the size of

the crystallites still grew with film thickness; the authors didn’t comment upon

changes in orientation.

Figure 4.9: Schematic of the proposed transition in deposited polymer morphol-
ogy as the film thickens. Edge-on stacking near the substrate encour-
ages good coplanar stacking, but results in short conjugation and
poor ⇡-⇡ stacking (a). During later deposition in the bulk film, con-
jugation and ⇡-⇡ stacking increase while coplanar stacking decreases;
the crystallite orientation also becomes isotropic (b).

The variation in W is larger than that induced by thermal annealing, and

makes clear the need to compare films of similar thicknesses to determine opti-

mal electropolymerisation parameters. For potentiostatic electropolymerisation,

this is easily done by controlling the charge consumed during deposition (although
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changes in electropolymerisation ‘e�ciency’ under di↵erent conditions does not

guarantee this to be su�cient); potentiodynamic electropolymerisation is more

di�cult to control, but the number of sweep cycles can be varied empirically

to obtain similar thicknesses. In either case, the absolute absorption spectra

should be compared to ensure similar optical densities across a batch of sam-

ples. Although it is impossible to ensure identical film thicknesses across a batch

(especially given the variation in oscillator strength and hence absorption with

crystallinity [126]), variation was kept as low as reasonably possible, and at least

ensured not to vary systematically across the parameter being investigated.

Having established the e�cacy of absorption analysis, and learnt the need

for comparison between films of comparable thickness, the same procedure was

carried out to examine the influence of electropolymerisation conditions upon

molecular ordering in the resultant films. The first parameter to be investigated

was deposition potential, intially with potentiostatic electropolymerisation. Ab-

sorption spectra for PBT films deposited at di↵erent potentials are shown in figure

4.10. All films were deposited from 0.05M BT, until 15mC had been consumed;

variation in peak absorption was minimised and did not vary systematically with

deposition potential.

Figure 4.10: a) Normalised UV-vis absorption spectra for PBT films deposited
via potentiostatic deposition at di↵erent potentials until 15mC had
been passed, here from 0.05M BT in BmimTFSI. The inset shows
the un-normalised spectra. b) Fitting parameters as determined by
fitting equation 3.1 to the absorption spectra.

Excitonic bandwidth and energetic disorder are both observed to increase
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with electropolymerisation potential, from 90meV to 121meV and from 84meV

to 89meV respectively. This corresponds to a decrease in conjugation from 25

thiophene units to 20, or 10 nm to 8 nm. Again, the trend in W is matched

by the wavelength of peak absorption, which blueshifts from 505 nm to 480 nm

with increasing deposition potential. In contrast, the proportion of amorphous

film is essentially unchanged, rising from 72% to 75%. As discussed in section

4.2.2, high deposition potentials have previously been found to yield decreased

film quality across many conjugated polymers and electropolymerisation setups,

as determined from properties such as crystallinity, conjugation length and con-

ductivity [165, 175, 213, 221, 222]. Given the complexity of the full electropoly-

merisation process, and dependence upon a range of di↵erent experimental pa-

rameters, it is not possible to isolate one specific explanation for this e↵ect of

potential, although various possibilites have been outlined in the references given

and the description in section 4.2.2. Low potentials have been observed to yield

shorter overall chain lengths during electropolymerisation [174, 175], since reac-

tivity decreases with chain length, but this does not appear to a↵ect the e↵ective

conjugation measured here.

The same analysis was conducted for film electropolymerised potentiodynam-

ically, as shown in figure 4.11. These films were polymerised between – 0.5V and

a di↵erent upper voltage for each sample, as indicated in figure 4.11. The scan

rate in all cases was 0.2V/s.

For potentiodynamic electropolymerisation, there is a di↵erent relationship

between exciton bandwidth and potential. The bandwidth has a minimum of

85meV at 0.55V, with lower and higher potentials reaching values of 98meV

and 100meV respectively. This represents a variation in conjugation between 26

and 22 thiophene units. Although the film polymerised at 0.60V has a relatively

low absolute absorption, it is comparable to the film polymerised at 0.45V, sug-

gesting that the increased bandwidth at 0.60V is real, even if the e↵ect is not

quite as strong as shown in figure 4.11(b). Other than these two films, the raw

spectra are very similar and do not vary systematically with the resultant values

of W . An initial increase in conjugation with potential followed by shortening

conjugation has been observed before with potentiodynamic electropolymerisa-

tion, and can be explained by increased oligomer charging levels and reactivities

initally yielding extending chain lengths before causing cross-linking at higher po-
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Figure 4.11: a) Absorption spectra and b) fitting parameters for PBT films elec-
tropolymerised potentiodynamically. The voltages here indicate the
maximum voltage on the scan sweep, all scan rates were 0.2V/s.
The energetic disorder, , increases with potential, but the exciton
bandwidth, W , decreases before increasing at 0.60V.

tentials [174,175]. The energetic disorder increases monotonically with potential,

from 75meV to 83meV. This could result from higher potentials only enabling

extended conjugations via merging of adjacent oligomers free from linkage defects,

thus increasing variation in conjugation as well as average conjugation length.

The potentiodynamically deposited films are of similar thickness to the po-

tentiostatically deposited films, allowing comparison between the two methods.

Potentiodynamic electropolymerisation gives less energetic disorder across all po-

tentials, varying between 75 – 83meV rather than 84 – 89meV. Simultaneously,

optimal potentiodynamic conditions lead to marginally improved conjugation

compared to potentiostatic deposition, reaching 26 thiophene units compared to

25. It is worth considering why the variation in exciton bandwidth as a function of

applied potential is di↵erent for potentiostatic and potentiodynamic electropoly-

merisation.

There are two obvious di↵erences between potentiostatic and potentiodynamic

electropolymerisation. Firstly, the potential is varying rather than static, and sec-

ondly the polymerisation is periodic rather than continuous. The varying poten-

tial means that the charging levels of oligomers will vary during polymerisation,

and also means that the deposited film cycles through its doped and de-doped

state multiple times during the deposition. The periodic polymerisation is, by
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contrast, a kinetic e↵ect. It is likely to a↵ect di↵usion and the relative concen-

trations of di↵erent chemical species in the oxidation region. In order to distin-

guish between varying polymerisation potentials during deposition and kinetic

e↵ects, pulsed electropolymerisation was conducted, with a voltage switching be-

tween �0.5V (the de-doping potential) and 0.5V (the polymerisation potential).

The duration of the pulses was chosen to be comparable to the times for which

polymerisation does and doesn’t occur during a potentiodynamic scan at 0.2V/s

(namely 1 s at 0.5V, 2 s at 0V, 2 s at �0.5V and 4.5 s at 0V per pulse cycle). The

absorption spectrum of the resulting film is given in figure 4.12(a), along with the

fitted spectrum yielding fitting parameters of 85meV exciton bandwidth, 78meV

energetic disorder and 75% amorphous content – very similar to the potentio-

dynamically deposited film and di↵erent to the potentiostatically deposited film.

Hence varying charging levels don’t seem to be responsible for the di↵erences be-

tween potentiostatic and potentiodynamic electropolymerisation, leaving either

the cycling between doped and de-doped states, or the kinetic e↵ects on di↵usion

as explanations.

Figure 4.12: a) Experimental and fitted absorption spectrum for a PBT film de-
posited with pulsed electropolymerisation between�0.5V and 0.5V.
b) The normalised absorption spectra of a PBT film electropoly-
merised potentiostatically at 0.35V, before and after cycling through
200 doping and de-doping cycles. The 0-0 vibronic peak is slightly
more prominent after annealing.

Electrochemically cycling conjugated polymers between their doped and de-

doped states involves the insertion of counter-ions into and out of the polymer
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matrix [223]. With bulky counter-ions, reversing the charge can sometimes lead to

further incorporation of oppositely-charged ions rather than removal of the bulky

ions. In any case, it is hypothesised that doping and de-doping events involve

considerable re-organisation within the polymer structure [165,178]. It is possible

that this could distort molecular ordering in the film, or provide mobility for the

film to adopt a more ordered morphology in a similar fashion to thermal and

solvent annealing. In order to explore this further, PBT films were electropoly-

merised potentiostatically and then cycled multiple times between doping states;

low potentiostatic potentials were used to avoid permanent disordering through

cross-linking. If some sort of annealing process were induced by the doping cy-

cling, the ordering would be expected to improve after this cycling. Figure 4.12(b)

shows the absorption spectra of a PBT film before and after 200 doping/de-doping

cycles. The exciton bandwidth decreases from 63meV to 55meV after such cy-

cling. It should be noted that conjugation could increase after ‘doping annealing’

as a result of electrically-induced coupling reactions rather than morphological

rearrangement [175, 188]. In either case, the e↵ect does not seem to be large

enough to explain the di↵erence observed between potentiostatic and potentio-

dynamic electropolymerisation. Additionally, if such cycling annealing were a

dominant e↵ect, the inverse relationship between W and V would be expected

for potentiodynamically electropolymerised films, where more cycles are required

at lower voltages to yield films of equivalent thickness.

This evidence suggests that it is predominantly kinetic e↵ects that lead to the

di↵erent variation in conjugation with deposition potential observed for poten-

tiostatic and potentiodynamic electropolymerisation. Periodic gaps in polymeri-

sation during potentiodynamic electropolymerisation should enhance di↵usion

of non-equilibrium species, reducing the concentration of oligomers and protons

near the electrode. Since short oligomers are likely to di↵use faster than longer

oligomers, it could be that this enhanced di↵usion favours deposition of long

oligomers over shorter ones. However, while this may explain the longer conjuga-

tion obtained with potentiodynamic deposition, it doesn’t explain the dependency

of W on V . Indeed, higher potentials would still be expected to reduce conju-

gation since both the polymerisation rate and time spent polymerising per cycle

increase with potential, which should raise the concentration of short oligomers

at the electrode [224]. Instead, it could be that potentiodynamic deposition re-
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duces the proton concentration during polymerisation. Bu↵ered electrodeposition

solutions have previously demonstrated impaired conductivity beneath a certain

pH, which was speculated to result from hydrogenated monomer units disrupt-

ing conjugation [190]. If potentiodynamic electropolymerisation leads to proton

concentrations beneath this limit, this could cause the di↵erence in observed re-

lationships between W and V for the two techniques. The initial improvement

in conjugation with higher potentials could then be explained by higher reac-

tivities yielding longer oligomers (before cross-linking starts dominating), free of

hydrogenation problems induced by the low pH generated during potentiostatic

electropolymerisation.

If the proton concentration is responsible for the di↵erent behaviours observed

for potentiostatic and potentiodynamic electropolymerisation, and it is the en-

hanced proton di↵usion during potentiodynamic deposition that mitigates the

hydrogenation e↵ect, then conjugation lengths might be expected to increase

if di↵usion speeds up. Since the di↵usion coe�cient of electroactive species in

imidazolium-based ionic liquids has been found to significantly increase with tem-

perature [225], this is an easy way to vary the di↵usion. Films were thus elec-

tropolymerised potentiostatically at 0.35V at di↵erent temperatures. Their mor-

phological properties, as derived from their absorption spectra, are shown figure

4.13(a). As suggested, conjugation improves with increased deposition tempera-

ture. The opposite e↵ect of temperature has been observed for organic solvents;

it could be that the relative viscosity of ionic liquids makes di↵usion of protons

a more dominant problem than in organic solvents. The variation in morpholog-

ical parameters with bithiophene concentration is also shown in figure 4.13(b),

where conjugation is observed to shorten with concentration beneath 0.2M. This

is also in agreement with the hypothesis that proton concentration is an impor-

tant factor in determining conjugation length, since lower concentrations would

be expected to slow polymerisation (indeed the time taken to consume 15mC

decreases with concentration) and hence reduce the proton concentration during

polymerisation.
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Figure 4.13: Fitting parameters derived from absorption spectra of PBT films
electropolymerised potentiostatically from BmimTFSI with di↵erent
(a) temperatures, and (b) precursor concentrations. Exciton band-
widths decrease with temperature and increase with concentration,
up to 0.2M.

4.4.5 Conclusions

Films of PBT and P3MT were successfully electropolymerised from BmimTFSI

and EmimBF4, although only deposition of PBT from BmimTFSI reliably yielded

uniform film coverage across a range of experimental conditions.

Visible absorption spectra of these films indicated H-aggregate behaviour, sug-

gesting suitability for analysis with Spano’s model for polymer absorption. Using

this model to derive exciton bandwidth and energetic disorder in the film dur-

ing thermal annealing revealed behaviour matching previous reports of thermal

annealing, lending further evidence for the applicability of this treatment.

The largest influence on e↵ective conjugation was found to be the film thick-

ness, with thicker films exhibiting significantly longer conjugation. GIWAXS

measurements suggested a transition from edge-on oriented chains with short

conjugation and little ⇡-⇡ stacking during initial film growth to isotropically-

oriented crystallites with longer conjugation and more ⇡-⇡ stacking but much

weaker coplanar stacking. This could result from an initial constraint on chain

orientation induced by the substrate, which relaxes with increasing film thick-

ness, as has been reported before. The preferential orientation might hinder

initial crystallinity, which then improves as the constraint is relaxed.

Films deposited with potentiostatic and potentiodynamic electropolymerisa-
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tion show di↵erent dependencies of exciton bandwidth on deposition potential.

The complex interdependency between experimental conditions, electropolymeri-

sation steps and film morphology makes it impossible to identify the exact cause

of the observed di↵erences from these results alone, but one explanation could

be the e↵ects of pH from protons released during coupling reactions. Optimal

polymer conjugation is achieved with potentiodynamic electropolymerisation at

intermediate potentials.
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Chapter 5

Fabrication of Gyroid-Structured

Organic Solar Cells

5.1 Introduction

Having investigated the electropolymerisation of polythiophenes on untemplated

substrates, the next step was to produce gyroid-structured polythiophene films

and develop a fabrication route to gyroid-structured solar cells. Building upon

previous work by Dr Maik Scherer [106, 226], a ‘passive’ diblock copolymer was

used to generate the initial gyroid morphology, which in turn was used as a

template for electropolymerisation of gyroid-structured polythiophene. Further

fabrication steps led to gyroid-structured, polymer:fullerene heterojunctions.

5.2 Templated Electropolymerisation

A schematic overview of the fabrication process used to obtain gyroid-struct-

ured polythiophenes is given in figure 5.1. The gyroid structure was initially re-

alised via guided microphase separation in a melt of the block copolymer poly(4-

fluorostyrene-r-styrene)-b-poly(D,L-lactide) (PFS-b-PLA). The PLA component

was then selectively etched to leave the PFS phase as a template for electropoly-

merisation of the desired polythiophene. Following electropolymerisation, the

PFS template was itself selectively dissolved to leave a free-standing polythio-

phene sca↵old with the desired structure. Characterisation of the various steps

83



in this process was performed principally using SEM.

Figure 5.1: A pictorial summary of the fabrication process used to obtain poly-
thiophene gyroids. First, the substrate is cleaned and silanised to
provide the surface energy required to seed the gyroid structure (a).
Next, the PFS-b-PLA blend is spin-coated onto the substrate and an-
nealed to induce the gyroid morphology (b). Subsequently the PLA
is selectively etched to leave the PFS template (c). Electropolymeri-
sation is used to replicate the inverse structure of the template with
polythiophene (d). Finally, the PFS template is selectively dissolved
to yield the free-standing, gyroid-structured polythiophene as desired
(e). This figure appears courtesy of Dr Maik Scherer, and is adapted
from previously published work [106].

5.2.1 Fabricating the Gyroid Template

The development and optimisation of the techniques described below for fabri-

cating the gyroid template, and the synthesis of the copolymers used to do so,

are the work of Dr. Maik Scherer [95, 106, 226]. The protocols used in these

publications were used without modification.

The gyroid templates were grown on piranha-etched FTO-coated glass as

described in chapter 4. The piranha treatment cleans all organic contaminants

from the FTO surface, but also leaves it with a high surface energy. In general,

this is unsuitable for growth of the template because it favours contact of the
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PLA phase with the substrate surface rather than PFS, seeding lamellar rather

than gyroid structure during the microphase separation. Hence the substrate

was coated with a partial octyltrichlorosilane monolayer to reduce the surface

energy. The cleaned substrates were washed for 10 seconds in a solution of 10 l

octyltrichlorosilane (OTS) in 10ml anhydrous cyclohexane, after which the water

contact angle on the substrate was 59± 5�. However, the silanisation step was not

necessary if small (. 1mm2) areas of FTO were defined with SU-8 photoresist,

since SU-8 deposition and removal during the photolithographic processing steps

seems to appropriately modify the FTO surface.

Having silanised the substrates, blends of the block copolymer PFS-b-PLA

dissolved in toluene at 10mg/ml were spin-coated at 350 rpm for 45 seconds. The

films were then placed in an oven and heated according to a well-defined heating

program (from 90 �C to 150 �C at 150 �C/hour, then from 150 �C to 173 �C at

180 �C/hour, and finally held at 173 �C for 20 minutes). The samples were then

quickly removed from the oven and placed onto a large metal plate to cool them

quickly and ‘freeze’ the acquired structure into place.

The cooled, self-assembled films were then submerged in 0.1M sodium hydrox-

ide in 1:1 (vol) methanol:de-ionised water for between 2-4 hours to selectively etch

the PLA phase. After this, the samples were briefly transferred to pure methanol

for 5 minutes to wash out the etched PLA. This treatment left the desired PFS

template for electropolymerisation, as shown by SEM images such as those in

figures 5.2 and 5.3. The specific gyroid structure formed has 37.9% PLA content,

unit cell size 41.5± 1 nm, strut diameter of 11.0± 0.3 nm and a surface area to

volume ratio of 161.4m�1 [110].

5.2.2 Assessing Template Replication

The same electrochemical setup was used for templated electropolymerisation

as for untemplated electropolymerisation. For initial investigation of templated

deposition, 0.05M 2,20-bithiophene in BmimTFSI was used at room tempera-

ture. Potentiostatic and potentiodynamic electropolymerisation yielded visible

film deposition similar to that observed with un-templated deposition. By eye,

reasonable film coverage was generally achieved, although deposition over large

areas (& 1 cm2) sometimes displayed apparent variation in thickness.
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Figure 5.2: SEM cross-sectional image of a fractured polystyrene gyroid template,
on top of an FTO-coated glass substrate. This image shows the reg-
ular porous gyroid structure throughout the whole film of ⇠ 500 nm
thickness; thicknesses of a few hundred nanometres to several microns
are easily obtainable with di↵erent spin-coating conditions.

In order to evaluate template replication after electropolymerisation, the ionic

liquid had to be washed from the film and the template selectively removed ready

for SEM analysis. Previous work with the same PFS templates for templated

electrodeposition of inorganic materials used a 2:1 (vol) mix of diethyl ether:

hexane to selectively dissolve the template [95] so this was employed here too. To

find a suitable solvent for washing out the ionic liquid, a simple solvent search was

conducted in which three ionic liquids were mixed with a variety of solvents and

their basic miscibility noted. Solvents that appeared to be miscible with the ionic

liquids were re-checked after leaving the mixture to stand to ensure the apparent

miscibility wasn’t in fact a very fine emulsion. The results of this solvent search

are presented in table 5.1.

Initially, 2,2,2-trifluoroethanol (TFE) had not been considered, so acetonitrile
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Figure 5.3: High magnification SEM image of the gyroid structure in the
polystyrene template, with theoretical simulation of the (211) gyroid
plane (inset, reproduced from [106]). Despite the poor resolution,
the structure clearly matches the simulated structure, with ⇠ 40 nm
period as expected.
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Solvent
Ionic Liquid

BmimTFSI EmimBF4 EmimEtSO4

Acetone 3
Acetonitrile 3 3
Benzyl Alcohol 3
Decyl Alcohol 7 7
Dichloromethane 3
Diethyl Ether 7 7 7
Dimethyl Sulphoxide 3
Ethanol 3 7 ⇠
Hexane 7
1-Hexanol 7 7 ⇠
Methanol ⇠ ⇠
Pentanol 7 7
Propan-2-ol 7 7
2,2,2-Trifluoroethanol 3 3 3
Water 7 ⇠
Xylene 7

Table 5.1: A summary of solvent miscibilites with ionic liquids, ticks (3) indi-
cating miscibility, crosses (7) indicating immiscibility and tildes (⇠)
indicating limited miscibility or uncertainty. Not all mixtures were
tried, those that weren’t have been left blank.

and ethanol were tried following deposition from BmimTFSI, but SEM analysis

revealed that these damaged the PT gyroid (see figure 5.4(a)). The first solu-

tion to this problem was a solvent exchange of the BmimTFSI for EmimBF4

after electropolymerisation, as this could be washed out with water, in which the

gyroid was more stable. Although PBT gyroid structure was observed after this

treatment, indicating the success of templated electropolymerisation, the washing

step was very temperamental and generally cracked the films (see figure 5.4(b)).

This led to a wider solvent search and ultimately the discovery that TFE worked

much more reliably. Upon drying, the high surface tension of the TFE cracked

the films but this problem was again solved via solvent exchange, in which the

TFE was washed out with diethyl ether:hexane before being allowed to dry. For

this, the films were initially submerged in 2:1 diethyl ether:hexane, before extra

hexane was added to bring the ratio to around 1:5 at which point the film was

removed and gently dried under a nitrogen stream. An example of the PBT
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gyroids obtained with the optimised process is shown in figure 5.5.

Figure 5.4: Figure (a) shows a PBT film following treatment with acetonitrile
that has destroyed the gyroid structure present immediately after
electropolymerisation. Figure (b) shows a P3MT film that has
cracked following treatment with water.

5.2.3 Large-Scale Film Morphology

As shown in the representative SEM images, templated electropolymerisation

followed by washing with TFE and submersion in diethyl ether: hexane yields

excellent PBT replication of the gyroid structure. However, the large-scale mor-

phology of the film is also important for use in devices. Film thickness can

be influenced by controlling the charge transferred during deposition, although

the multi-step process of polymerisation means that there is not a simple lin-

ear relationship between the amount of film polymerised and the total charge

transferred. Soluble oligomers may di↵use away from the electrode surface be-

fore coupling to the polymer film, and the ‘e�ciency’ of oxidation is sensitive

to the electropolymerisation conditions. Nevertheless, holding the experimental

conditions as constant as possible allows reasonable control of film thickness.

For optimal use in solar cell devices, the gyroid film should have complete

coverage over the substrate, to avoid pinholes in the film through which leakage

current can flow. The film should also preferably be as smooth as possible, so that

the film thickness is roughly uniform over the whole device. This is in particular

important for measuring space-charge limited currents in thin films to deduce

mobility. All films deposited without gyroid templating were found to have a
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Figure 5.5: PBT gyroid film washed with TFE followed by submersion in a diethyl
ether:hexane mixture. Fracturing the film to image the cross-section
exerts stress on the film and explains the ‘rugged’ nature of the cross-
section.

broadly ‘globular’ morphology (figure 5.6(a)) characteristic of three-dimensional

nucleation and growth [211, 227, 228]. This is common for electropolymerised

films, including when deposited from ionic liquids [210], however it does not

matched the idealised compact, uniform film morphology for devices. It was

hoped that the presence of the gyroid template would beneficially improve the

large-scale film morphology in this regard.

A variety of electropolymerisation parameters such as monomer concentra-

tion, deposition potential, scan rate and temperature were varied but no clear

e↵ect was apparent from the qualitative SEM analysis conducted. This task

was further complicated by the known progression in morphology as deposition
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Figure 5.6: Representative SEM images of the di↵erent large-scale PBT mor-
phologies obtained. Figure (a) shows typical 3D ‘nucleation and
growth’ morphologies obtained with un-templated electropolymeri-
sation. Potentiostatic electropolymerisation with gyroid templating
still leads to ‘globular’ morphologies, but with far larger ‘grains’, (b).
Figures (c) and (d) show the desired flat, compact film morphologies
(incorporating gyroid structure) obtained using templated potentio-
dynamic electropolymerisation, including for films of thicknesses rel-
evant to solar cell applications (d).

proceeds [171, 210], and the di�culty of precisely controlling film thickness (es-

pecially with non-compact morphologies). However, film morphology was consis-

tently and clearly dependent upon the electropolymerisation technique employed.

Potentiostatic deposition yielded films with much larger hemi-spherical ‘grains’

than for un-templated deposition, but still very rough for device applications

(figure 5.6(b)). By contrast, potentiodynamic electropolymerisation gave rise to

flat, compact films incorporating the gyroid structure (figures 5.6 (c) and (d)).

Specificly, these films have been deposited with cyclic voltammetry, i.e. sweep-

ing between negative and positive potentials and back again at a constant rate.
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This is known to promote di↵erent nucleation spots on each cycle [177], which

could explain the smoother morphology. Brief experimentation with pulsed elec-

tropolymerisation seemed to suggest the deposition of flat films too.

The possibility of spin-coating template films of the desired thickness, inten-

tionally depositing polymer films through and beyond the template and then

peeling o↵ the overgrowth was explored as a possibility for obtaining flat films

of known thickness regardless of electropolymerisation technique. Although in-

vestigation of this route was not exhausted, the highly non-uniform growth of

potentiostatically electropolymerised films required very thick overgrowth to en-

sure filling the template fully; peeling such thick films always removed the tem-

plated part as well as the overgrowth. Overall, it seems that potentiodynamic

electropolymerisation is necessary for the fabrication of devices comparable to

standard spin-coated bulk heterojunction morphologies.

5.2.4 Molecular Ordering in Gyroid-Structured Polythio-

phenes

The gyroid-structured PBT films were now characterised with the same tech-

niques as used for non-templated films in chapter 4. Despite the importance

of potentiodynamic electropolymerisation for suitable large-scale film morphol-

ogy, potentiostatically electropolymerised films can still give information about

the templated electropolymerisation process and so were characterised too. The

variation in morphology with film thickness was again investigated by measuring

the absorption of films electropolymerised potentiostatically at 0.35V for varying

times, as shown in figure 5.7.

Two important results are clear from figure 5.7. Firstly, there is no systematic

variation in any of the morphology parameters with film thickness, which instead

stay roughly constant. Secondly, the exciton bandwidth values are all substan-

tially higher for gyroid-structured films than for untemplated films (⇠ 160meV

compared to . 100meV for similar potentials and thicknesses). Both of these

results might be expected given the explanation for the evolution in film mor-

phology with thickness suggested in chapter 4. There, constraints on polymer

orientation induced by the substrate were speculated to reduce the polymer’s

ability to form large crystallites with long conjugation and good ⇡-⇡ stacking.
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Figure 5.7: Visible absorption spectra of gyroid-structured PBT films elec-
tropolymerised at 0.35V for di↵erent durations (inset shows specta
normalised to peak absorption). Unlike for untemplated films, there
appears to be no systematic variation in conjugation with film thick-
ness.

The presence of the gyroid-structured template will clearly constrain the meso-

cale morphology significantly, so inferior molecular packing is not un-anticipated.

An alternative explanation could be that the template hinders di↵usion in the

electrodeposition region, which could lead to low pH and poor conjugation in-

duced by hydrogenation, as speculated with potentiostatic electropolymerisation

at high potentials. In either case, the need to compare gyroid-structured films of

the same thickness is not as great as for untemplated films.

The absorption spectra of PBT films deposited potentiostatically around gy-

roid templates at di↵erent potentials are shown in figure 5.8. The apparent nega-

tive absorption at long wavelengths again corresponds to improved transmission

compared to a blank FTO reference. Other than the initial increase in exciton

bandwidth resulting from deposition at 0.40V compared to 0.35V, the conjuga-

tion does not seem to vary systematically with electropolymerisation potential,

and is substantially higher than observed in untemplated samples. Instead, it

averages around 210meV, corresponding to 10 thiophene units, or 4 nm. This is

substantially beneath the 11 nm strut size of the PFS template voids, suggesting

that the reduced crystallinity is not directly caused by the template restricting

crystallite dimensions. The lower exciton bandwidth observed for the film elec-

tropolymerised at 0.35V is probably a real feature, given that it matches better
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the bandwidths measured for potentiostatically deposited films in figure 5.7. The

slight di↵erences remaining between these films electropolymerised at 0.35V prob-

ably arises from slight di↵erences in monomer concentration and temperatures,

given that the films were produced in di↵erent batches from di↵erent solutions

(although both nominally 0.05M and room temperature). The improved con-

jugation at the lowest electropolymerisation potential, which will correspond to

the slowest rate of electropolymerisation, suggests that problems with di↵usion

in the presence of the template may be contributing to the inferior conjugation

compared to untemplated films.

Figure 5.8: a) Absorption spectra and b) fitting parameters for PBT film elec-
tropolymerised potentiostatically around gyroid templates. The vi-
bronic features are not as clearly resolved as for untemplated elec-
tropolymerisation, and the exciton bandwith is, in particular, very
much larger than for untemplated films, indicating less molecular or-
dering.

Despite large di↵erences in exciton bandwidth for untemplated and gyroid-

templated electropolymerisation, the energetic disorder is similar, growing here

from 78meV to 86meV, compared to 84 – 89meV for untemplated films. The

fact that there are very few chains with long conjugation probably results in the

slight decrease in �. The amorphous content is marginally higher in the gyroid-

structured films too, averaging 76% compared to 73%, corresponding simply

to the inferior crystallinity. Inferior crystallinity is perhaps also the reason for

apparently less scattering, allowing the transmission at long wavelengths to be

improved relative to blank FTO and untemplated films.

The absorption analysis process was repeated for potentiodynamically elec-
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tropolymerised films, again deposited at 0.2V/s between �0.5V and an upper

potential as indicated in figure 5.9. Electropolymerisation up to 0.35V yields

films with slightly inferior conjugation and energetic disorder compared to higher

potentials, possibly due to the very large number of cycles required to deposit

comparable film thicknesses. Other than this, the influence of potential appears

weak, with exciton bandwidths varying between 159meV and 170meV and en-

ergetic disorder increasing from 77meV to 79meV. These values of W are lower

than for potentiostatically electropolymerised gyroid-strucured films, potentially

due to improved di↵usion of protons avoiding extreme pH again. The amor-

phous content is essentially the same for potentiostatic and potentiodynamic

electropolymerisation, again averaging 76%. Combined with the requirement for

smooth polymer films, it is clear that potentiodynamic electropolymerisation is

the best technique for gyroidally-structured device fabrication.

Figure 5.9: a) Absorption spectra and b) fitting parameters for PBT films elec-
tropolymerised potentiodynamically around gyroid templates. The
voltage displayed in figure (b) indicates the maximum potential of
the potentiodynamic scans. There appears to be no systematic varia-
tion with potential, with the bandwidth consistently far greater than
for untemplated films.

Thermal and solvent annealing are two well-known, widely-used techniques

for improving molecular ordering in spin-coated polymer solar cells [31, 69, 144].

As demonstrated in chapter 4, thermally annealing electropolymerised PBT films

decreases both the exciton bandwidth and the energetic disorder factor. Hence

both techniques were applied to gyroid-structured PBT films to see if molecular

ordering could be improved post-electrodeposition, without damaging the gyroid
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structure. Gyroid-structured PBT films were annealed with the PFS template

still in place, and subsequently imaged with the SEM after dissolving the tem-

plate. The thermal annealing was conducted at 160 �C for 30 minutes, and the

solvent annealing was conducted in a hexanethiol or 2-chlorophenol atmosphere

whose partial pressure was gradually decreased and replaced with air. Unfortu-

nately, both techniques clearly destroyed the gyroid structure in the PBT films

(figure 5.10), so further experimentation with these techniques was abandoned.

The destruction of the gyroid structure by such annealing protocols is unsur-

prising, given that they work by allowing the polymer chains to re-assemble into

energetically favourable configurations.

Figure 5.10: SEM images of gyroid-structured PBT films after a) thermal an-
nealing at 160 �C and b) solvent annealing in a 2-chlorophenol at-
mosphere. The gyroid structure has been clearly destroyed by both
annealing techniques.

Overall, it is clear that gyroid-structured films should be electropolymerised

potentiodynamically for use in solar cells. The influence of potential on morphol-

ogy is found to be weak, so maximum voltages of around 0.50V can be used to

fabricate films without very long deposition times. However, even with optimised

electropolymerisation conditions, the presence of the gyroid template disrupts the

molecular ordering of the PBT considerably. Thermal and solvent annealing are

unable to improve ordering without destroying the gyroid structure, so the films

must be used as-deposited. Following optimisation of PBT gyroid fabrication, a

procedure for back-filling the gyroid pores with an acceptor material had to be

established.
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5.3 Backfilling Polythiophene Gyroid Structures

Having established optimal procedures for fabrication of gyroid-structured PBT

films, the next step was to investigate methods for backfilling the gyroid voids

with an electron acceptor material to complete the active layer of a photovoltaic

device. Being the standard acceptor material used in combination with polythio-

phenes, it was intially assumed that PCBM would be the acceptor material, and

that some sort of solution-processing technique would be used to backfill the PBT

gyroids. Hence an ‘orthogonal’ solvent sytem was needed which would dissolve

PCBM but not a↵ect the PBT gyroid. Given its widespread use, the solubility

of PCBM has been relatively well-characterised, especially given its importance

to the morphology of spin-coated bulk heterojunctions [229]. Thus a systematic

solvent search could be conducted, initially guided by Hansen solubility parama-

terisation [230].

Hansen Solubility Parameters

Hansen categorised the intermolecular forces of a solute or solvent into three com-

ponents, namely atomic dispersion forces, molecular permanent dipole–perma-

nent dipole forces and molecular hydrogen bonding [230]. Following numerical

and empirical e↵orts, many chemicals have now been assigned values for the

strengths of these components and hence assigned a position in ‘Hansen space’, us-

ing the three interaction parameters (�D, �P and �H respectively) as co-ordinates.

To determine solubility or miscibility from these Hansen solubility parameters,

the formalism assumes that ‘like seeks like’, and that if two materials are located

su�ciently close together in Hansen space, they will be miscible. Each solute has

a sphere of radius R0 (determined for each solute separately) around its Hansen

position such that it should dissolve in any solvent within the sphere. The dis-

tance between the solute and solvent in Hansen space is scaled to give a value Ra,

and solubility is predicted if the ratio Ra/R0 is less than or equal to one [230,231].

Following this formalism, potential orthogonal solvents were identified by find-

ing solvents simultaneously nearest to PCBM and furthest from polythiophene

in Hansen space. Solubility parameters could only be found for P3HT [229],

but since the alkyl groups are added to improve solubility, the results should

be valid for PBT too. The solvents included in the initial solvent search were
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those identified by Machui et al. as being orthogonal between P3HT and PCBM,

according to a simple soluble/insoluble test by eye [229], plus a wide database

of solvents published by Hansen [230]. Their Hansen solubility parameters are

given in table 5.2, along with the weighted relative energy di↵erence between

their positions in Hansen space and those of P3HT and PCBM. The di↵erence

between these relative energy di↵erences then indicates which solvents should be

the ‘most’ orthogonal.

Guided by these Hansen solubility parameters, the most promising solvents

were tested for compatibility with the polythiophene gyroid, namely acetonitrile,

carbon disulphide, 2-chlorophenol, dioxane, n-methyl pyrrolidone, quinoline and

tetrahydrafuran. To test compatibility, the polythiophene gyroid was imaged

under the SEM after washing out the ionic liquid and selectively dissolving the

PFS template. This established that a clear gyroid structure was initially present.

The sample was then submerged in the solvent for 30 s, dried and replaced under

the SEM; an indicative image is shown in figure 5.11.

Unfortunately, this SEM analysis clearly showed that all of these solvents

degraded the gyroid structure, despite their predicted orthogonal solubility. It

could be that even a minute degree of solubility reveals degradation in such a

well-defined structure on such a small lengthscale, or it could be that the solvent

induces swelling in the polymer which cannot be fully tolerated by the gyroid.

Although the large surface area to volume ratio of nanoscale gyroids is desirable

for exciton dissociation in organic solar cells, it makes these films very sensitive

to solvent conditions.

Literature Search

Following the failure of Hansen solubility parameters to predict suitable orthog-

onal solvents, a literature search was conducted to find if any solvents had pre-

viously been used for a similar role with the same materials. Bilayer devices

fabricated by spin-coating PCBM onto a pre-deposited P3HT layer had reported

dichloromethane as dissolving PCBM without a↵ecting P3HT [232]. Accordingly,

dichloromethane was tested, but was found to still degrade the gyroid slightly.

This is actually because although the P3HT is insoluble in dichloromethane, it

swells substantially [233].

Having found no suitable solvent for back-filling PCBM, other acceptor ma-
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Solvent
Solubility Parameters (MPa1/2) Ra/R0 �

�D �P �H P3HT PCBM
Acetonitrile 15.3 18.0 6.1 5.28 2.37 2.91
Aniline 20.1 5.8 11.2 2.49 0.62 1.87
Benzaldehyde 19.4 7.4 5.3 1.02 0.64 0.39
Benzene 18.4 0.0 2.0 2.31 0.99 1.32
Benzyl Benzoate 20.0 5.1 5.2 1.11 0.36 0.76
Carbon Disulphide 20.5 0.0 0.6 3.01 1.00 2.02
3-Chloroaniline 20.2 7.3 9.8 2.22 0.62 1.60
2-Chlorophenol 19.0 5.5 13.9 3.21 1.00 2.20
2-Chlorotoluene 19.0 4.9 2.3 1.18 0.78 0.41
3-Chlorotoluene 18.9 3.9 2.9 1.07 0.70 0.37
Cyclohexanone 19.2 6.3 3.3 0.98 0.72 0.26
Diethyl Ether 14.5 2.9 5.1 3.09 1.60 1.49
Dioxane 19.0 1.8 7.4 1.56 0.44 1.12
Dodecane 16.1 0.0 0.0 3.30 1.57 1.73
Hexane 14.9 0.0 0.0 3.85 1.81 2.04
Limonene 17.2 1.8 4.3 1.66 0.96 0.69
↵-Methyl Styrene 18.5 2.4 2.4 1.52 0.83 0.69
n-Methyl Pyrrolidone 18.0 12.3 7.2 2.71 1.34 1.38
Quinoline 20.5 5.6 5.7 1.49 0.34 1.15
Styrene 18.6 1.0 4.1 1.66 0.72 0.94
Tetrahydrofuran 15.5 7.2 7.6 2.48 1.40 1.08
Toluene 18.0 1.4 2.0 1.93 0.98 0.94
Trichlorobenzene 20.2 4.2 3.2 1.54 0.54 0.99
1,2-Xylene 17.8 1.0 3.1 1.86 0.94 0.92

Table 5.2: Hansen solubility parameters and weighted distances of each solvent
from P3HT and PCBM in Hansen space. The final column gives the
di↵erence between the values of Ra/R0 for P3HT and PCBM, so that
the biggest value indicates the prediction for the ‘most’ orthogonal
solvent. All data taken from Machui et al. [229] or Hansen [230].

terials were considered. Only three solvents had been established to be perfectly

compatible with the polythiophene gyroid: TFE, hexane and diethyl ether. Fur-

ther experimentation revealed that all alkanes tested were compatible with the

gyroid structure, perhaps as a result of their completely non-polar nature. Hence

solubility testing of potential acceptors was constrained to TFE, diethyl ether

and alkanes. Beyond the ubiquitous use of PCBM, almost all other acceptors
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Figure 5.11: Gyroid structure after treatment with aniline, showing clear degra-
dation of the structure. Similar e↵ects were observed after treatment
with 2-chlorophenol, acetonitrile, quinoline, chloromethyl methyl
ether, dioxane, tetrahydrofuran, dichloromethane, n-methyl pyrroli-
done, carbon disulfide and dodecane.

used in conjuction with polythiophene are other fullerene derivatives. Polyhy-

droxy fullerene had been reported to dissolve in basic (pH> 8) water and used

to back-fill P3HT lamellae [74], so this was tested but found to be insoluble.

NaOH dissolved in TFE produced a basic solution but still didn’t dissolve the

hydroxy fullerene, even up to pH10. In any case, the authors of the reported

work had not been able to use this method to fabricate a working solar cell;

they speculated that the basicity of the solution doped the polythiophene [78].

Non-fullerene acceptor materials such as the perylene derivative, N,N-Dioctyl-

3,4,9,10-perylenedicarboximide (PTCDI-C8) were also tried, but found to be in-

soluble too.

More recently-developed fullerene derivatives include indene-based deriva-

tives, namely indene-C60 mono-, bis- and tris-adducts (ICMA, ICBA and ICTA
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respectively) [234]. None of these were soluble in TFE, but ICBA appeared to

dissolve at small concentrations in diethyl ether and hexane. Hence ICBA was

spin-cast onto the gyroid films from diethyl ether, hexane and a 50:50 (vol) mix of

the two. Unfortunately, SEM images of the resulting films showed large clumps of

ICBA stuck on top of the gyroid (see figure 5.12). Presumably it had aggregated

in solution to form aggregates too large to infiltrate the gyroid pores; passing the

solution through a 100 nm filter directly prior to spin-coating did not solve the

problem.

Figure 5.12: Despite appearing to dissolve in hexane and diethyl ether by eye,
SEM images of ICBA after drop- and spin-casting indicate that ac-
tually, ICBA aggregates in these solvents. These aggregates are too
large for infiltration into the gyroid structure.

Motivated by their use as solvent additives to drive fullerene aggregation

through selective solubility, alkanethiols were now tried. Promisingly, Lee et al.

have reported using alkanedithiols to selectively dissolve PCBM after spin-coating

P3HT:PCBM blends for morphology analysis with AFM [70]. Ethanedithiol and

dodecanethiol were found to dissolve ICBA but degrade the gyroid structure.

However, alkanethiols were found to be able to dissolve reasonable concentra-
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tions of ICBA even when mixed with large volumes of hexane or diethyl ether.

Furthermore, SEM analysis revealed that treatment with 5:1 (vol) mixtures of

alkane:alkanethiol cause no gyroid degradation (figure 5.13).

Figure 5.13: SEM images demonstrating un-damaged PBT gyroid structure after
submersion in 5:1 (vol) non-thiol:thiol mixtures. Figure (a) shows
an intact film after submersion in 5:1 hexane:propanethiol, while
figure (b) is a close-up of gyroid structure after submersion in 5:1
hexane:dodecanethiol.

Di↵erent methods of filling the gyroid voids with the ICBA from solution

were explored. Drop-casting ICBA from dimethyl sulphide:hexane revealed the

importance of matching the volatilities of the two solvent components since the

dimethyl sulphide was observed to evaporate faster, causing the ICBA to precipi-

tate out of solution. Fortunately, the boiling points of alkanethiols closely match

those of alkanes with two additional carbon atoms, enabling identification of a

range of solvent pairs with at least comparable volatility (see table 5.3). Even

with matched boiling points, drop-casting of ICBA solution on top of the gyroid

film left a compact layer of ICBA above the PBT gyroid, without substantially

filling the voids (figure 5.14 (a)). Additionally, the solvent pair with the lowest

boiling point (5:1 diethyl ether: dimethyl sulphide) cracked the gyroid film (fig-

ure 5.14(b)). Hexane:propanethiol yielded the same compact ICBA layer, but

did not cause cracking. Presumably the slower evaporation mitigates the e↵ects

of surface tension during solvent drying (hexane and diethyl ether have similar

surface tensions, so it cannot be surface tension alone). Dynamic light scatter-

ing did not reveal any particles larger than 1 nm in these solvent combinations,

suggesting that aggregation is not causing the formation of the compact layer.

Additionally, the ICBA films are uniform in contrast to the aggregates deposited
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Thiol Non-Thiol Boiling Points (�C)
Dimethyl Sulphide Diethyl Ether 38/35
Propanethiol Hexane 67/69
Butanethiol Heptane 98/99
Pentanethiol Octane 126/126
Hexanethiol Nonane 152/151
Dodecanethiol - 266

Table 5.3: Relevant solvents and their boiling points. All data at room temper-
ature, from Sigma Aldrich [202].

from pure hexane. Hence submersion was tried rather than drop-casting.

Figure 5.14: a) Drop-casting ICBA from thiol:non-thiol mixed solvents led to
compact films of ICBA above intact gyroid films; b) drop-casting
from dimethyl sulphide: diethyl ether also cracked the polymer films,
but this problem was not observed for slower-evaporating solvent
mixtures.

Gyroid films were submerged in ICBA solutions, removed and dried. SEM

imaging suggested that drying with a nitrogen gun removed most, if not all, of

any fullerene deposited, but slow drying enhanced via spinning on a spin-coater

at 200 rpm showed the porous gyroid structure starting to clog up. Repeated

submersion interspersed with drying built up the fullerene deposition, filling the

gyroid structure. In order to shorten this lengthy process and reduce the exposure

of the polymer film to di↵erent solvents, high ICBA concentrations were desired.

Thus ICBA solubility in di↵erent alkane:alkanethiol mixtures were investigated.
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Saturated ICBA solutions in these solvent combinations were prepared by

mixing above-saturation concentrations, waiting for the excess ICBA to settle

and removing the saturated supernatant. For a range of alkane:alkanethiol mix-

ing ratios, absorption spectra were taken of these supernatants and compared to

calibration spectra of known ICBA concentrations to estimate saturation concen-

trations. As shown in figure 5.15, ICBA solubility increases with the molecular

weight and the mixing ratio of the thiol component.

Figure 5.15: a) Absorption spectra of ICBA solutions of known concentration
were used to calibrate absorption against concentration, using fea-
ture at 710 nm (inset). b) Comparison of absorption spectra with
the calibration data allows ICBA saturation concentrations to be
estimated for di↵erent thiol:non-thiol mixing ratios and molecular
weights.

The benefits of high molecular weight and thiol mixing ratio must be bal-

anced against disadvantages. SEM analysis had already shown gyroid films were

only stable in mixed non-thiol:thiol solvents up to mixing ratios of 5:1. Higher

molecular weight solvents a↵orded higher ICBA solubility, but became increas-

ingly slow to dry during spin-coating. Eventually, experimentation settled on

solutions of 2.5mg/ml ICBA in 5:1 nonane:hexanethiol as a good compromise for

backfilling gyroid films via this submersion-spinning process. Figure 5.16 shows

SEM images after certain iterations of this process, and demonstrates complete

backfilling after five cycles.
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Figure 5.16: SEM images showing the voids in a polybithiophene gyroid being
filled with ICBA via submersion followed by spin-coating. The dif-
ferent images show the film before backfilling, and after undergoing
the process once, three times and five times respectively.

5.4 Conclusions

Gyroid-structured PBT films were succesfully electropolymerised, with 2,2,2-

trifluoroethanol, diethyl ether and alkanes identified as compatible solvents for

washing and further solution processing that did not destroy the gyroid struc-

ture after submersion. Potentiodynamic electropolymerisation was found to give

relatively smooth films suitable for use in thin-film devices, and also yield longer

conjugation lengths than potentiostatic electropolymerisation. However, the gy-

roid template consistently led to films with shorter conjugation than found after

untemplated electropolymerisation, perhaps due to the mesoscale morphology

constraints hampering molecular ordering, or perhaps due to the template slow-

ing di↵usion of protons.

A wide range of potential orthogonal solvents were tested for backfilling the

PBT gyroid films with fullerene acceptors, but most were found to destroy the
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gyroid structure. Eventually, mixing alkanethiols with alkanes of similar volatili-

ties allowed backfilling of the gyroid films with an ICBA acceptor. SEM analysis

showed that successive submersion steps interspersed with slow spin-drying al-

lowed the gyroid films to be completely filled. Increased solvent molecular weight

allowed high concentrations of ICBA, but slowed drying times. Finally, back-

filling via five steps of submersion in 2.5mg/ml ICBA in a 5:1 (vol) mixture of

nonane:hexanethiol followed by spin-assisted drying was adopted as the backfill-

ing procedure.
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Chapter 6

Characterisation of

Gyroid-Structured Organic Solar

Cells

6.1 Introduction

With fabrication of gyroid-structured all-organic solar cells complete, their elec-

tronic properties were characterised and their photovoltaic performance assessed.

Besides overall photovoltaic performance, photoluminescence and transient ab-

sorption spectroscopy were used to assess exciton photogeneration and subse-

quent behaviour, and SCLC devices were tested as a measure of charge mobility

in the films. Bilayer devices fabricated via untemplated electropolymerisation

were also characterised for comparison with the morphological properties mea-

sured in chapter 4.

6.2 Experimental Methods

6.2.1 Sample Preparation

Gyroid-structured PBT films were electropolymerised potentiodynamically at

0.2V/s between �0.50 and 0.50V, on bare FTO-coated glass for spectroscopic

measurements and SCLC devices, and on FTO glass coated with titanium diox-
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ide for solar cell devices. The TiO2 was spin-coated onto the FTO as described

in the next paragraph. A 1 s pre-pulse at 0.60V was applied to the samples

deposited on TiO2 to aid with uniform deposition, given the slightly higher sub-

strate resistivity. Titanium dioxide was chosen as a hole-blocking layer to im-

prove photovoltaic performance; solar cells made without this layer consistently

short-circuited. Molybdenum oxide and PEDOT:PSS electron-blocking layers

(deposited via thermal evaporation and spin-coating respectively) were not used

because gyroid templates could not be successfully formed on top of them.

Prior to TiO2 deposition, the FTO was cleaned with piranha solution as de-

scribed in chapter 4. Then, 3.18ml titanium (IV) isopropoxide was mixed in a

beaker with 50ml dry ethanol in an argon-filled glovebox. A second beaker was

filled with 900 l water, 120 l nitric acid and 50ml ethanol. The first beaker was

removed from the glovebox, emptied into the second beaker and this was shaken

vigorously before being filtered through a 0.45 m PTFE filter. Substrate areas

of 28mm⇥ 28mm were then immediately spin-coated with 150 l of the prepared

solution at 2000 rpm for 45 s. These substrates were then ramped to 500 �C over

30 minutes and held there for a further 30 minutes, before being left to cool

gradually, all in air.

XRD measurements taken for TiO2 films spin-coated on FTO under these

conditions show only FTO peaks, masking the TiO2 features, hence thicker TiO2

films were spin-coated using slower spin speeds and used for XRD measurements

(figure 6.1(a)). The peak observed at 25.3� is not observed for un-coated reference

samples (unlike the other peaks, labelled with asterisks) and matches the main

peak of anatase-phase TiO2 [235]. Brookite-phase TiO2 also has a peak near

25.3� [236], but should have other peaks of similar intensity which are not observed

here, so the spin-coated TiO2 layer is assumed to be anatase. SEM images of

the TiO2 surface exhibit similar morphology to the bare FTO surface (figure

6.1(b)), and AFM measurements (figure 6.1(c)) reveal a surface roughness, Ra, of

9 nm, only slightly rougher than that measured for bare FTO, with Ra of 5 nm.

Ellipsometry of films deposited using the standard spin-coating conditions on flat

glass measured a TiO2 thickness of ⇠ 20 nm.

Bilayer solar cells and SCLC devices were fabricated with untemplated elec-

tropolymerisation, and used glass substrates coated with indium tin oxide (ITO),

spin-coated with PEDOT:PSS (Heraeus Clevios HTL Solar) at 5000 rpm for 45 s
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Figure 6.1: a) XRD, b) SEM and c) AFM measurements of a spin-coated, com-
pact TiO2 layer. The XRD peak at 25.3� is the only peak distin-
guished from the reference substrate, indicating anatase-phase TiO2

[235]. The SEM and AFM measurements reveal a granular surface
morphology, with surface roughness, Ra, of 9 nm; ellipsometry of sim-
ilar films on flat glass substrates measured thicknesses of 20 nm.

before being annealed under a nitrogen stream at 230 �C for 20 minutes. These

films were deposited using an earlier setup employing a simple silver wire pseu-

doreference rather than the Ag/Ag+ reference electrode used in most of this thesis.

Comparison between cyclic voltammograms of PBT deposition with both refer-

ences allows an approximate correlation between the two - for ease of comparison,

all potentials are reported relative to the Ag/Ag+ reference.

Photoluminescence quantum e�ciency and transient absorption measurements

were taken on gyroid-structured PBT films before and after back-filling with

ICBA from a 5:1 nonane:hexanethiol solvent mixture, as described in chapter

5. SEM images revealed a PBT gyroid film thickness of ⇠ 500 nm for PLQE

measurements and ⇠ 250 nm for transient absorption.

Gyroid-structured solar cell devices were also backfilled with ICBA, whereas

bilayer devices were spin-coated with 20mg/ml PCBM in chlorobenzene at 2000

rpm for 30 s. SCLC devices were maintained as pure PBT. The solar cell and

SCLC devices were completed by evaporation of an appropriate metal contact

through a mask defining rectangular pixels with area 4.5mm2 for untemplated

films, and circular pixels of 0.5mm diameter for gyroid-structured films. Evap-
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oration was conducted with a BOC Edwards evaporator, at pressures below

⇠ 5⇥ 10-6mbar and deposition rates around 1 Å/s. Gyroid-structured solar cells

and SCLC devices were coated with 10 nm molybdenum oxide followed by 50 nm

gold, whereas bilayer solar cells were coated with 20 nm calcium followed by 50 nm

aluminium, and bilayer SCLC devices were coated with 50 nm aluminium.

6.2.2 Photoluminescence Spectroscopy

The general PLQE setup was shown in figure 3.5. The inner surface of the in-

tegrating sphere and the ba✏e protecting the output optical fibre were coated

with barium sulphate to provide di↵use reflectivity. The input laser wavelength

was 405 nm, and measurements were taken over 200 integrations of 25ms dura-

tion. The sample position was adjusted to give the maximum photoluminescence

spectrum possible in both setups containing the sample.

6.2.3 Transient Absorption Spectroscopy

The experimental setup used for transient absorption spectoscopy is represented

schematically in figure 3.6. A Spectra Physics ‘MaiTai’ Ti:Sapphire laser was used

to generate femtosecond laser pulses. These pulses are time-stretched, pumped

and then compressed back to the desired duration. The resultant output is an

800 nm, 100 fs pulsed beam emitting at 1 kHz, split to generate both the pump

and probe beams. The pump pulse is sent through a tunable optical parametric

amplifier of super-fluorescence and optically chopped at 500 kHz to give pump-

on/pump-o↵ modulation. The probe pulse is sent through a non-colinear optical

parametric amplifier and a mechanical delay stage before being split further into

a probe and reference pulse. The reference beam is used to account for variations

from pulse to pulse during sequences of di↵erent delays. The pump and probe

beams strike the same point on the sample, separated by a time delay controlled

with the delay stage, and by the ‘magic angle’ of arccos(1/p3)= 54.7� to elimi-

nate the influence of dipole orientation in the sample on signal intensity [237].

Beyond the sample, the pump beam meets a beam-stop, while the probe and ref-

erence beams are focused onto a PI acton Spectrapro 2150i imaging spectrometer

employing two Hammamatsu S3901256G diode arrays. All transient absorption

spectroscopy and its data processing was performed by Dr Mike Price.
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6.2.4 Current-Voltage Measurements

Solar cell and SCLC devices were measured using a Keithley 2636A source meter

setup. AM1.5 solar spectrum illumination was provided by an Abet Technologies

Sun2000 solar simulator, calibrated to have output power of 100mW/cm2 over the

device area. For SCLC experiments, the film thickness must also be known. This

was measured using AFM to scan across the edge of the electropolymerised film

for untemplated films, and using SEM of film cross-sections for gyroid-structured

films.

6.3 Results and Discussion

6.3.1 PLQE Measurements

The photoluminescence spectrum for a gyroid-structured PBT film is shown in

figure 6.2, both before ICBA backfilling and after one to six backfilling steps. The

initial photoluminescence spectrum clearly displays the 0-0, 0-1 and 0-2 vibra-

tional features observed previously for regioregular P3HT [136], situated here at

620 nm, 670 nm and 735 nm respectively. Comparison between photoluminesence

measurements without a sample and with direct and indirect illumination yield a

PLQE value for the film of ⇠ 0.08%, corresponding better to spin-coated regioreg-

ular P3HT (PLQE< 0.5%) than regiorandom P3HT (PLQE⇠ 8%) [60]. The low

value could be influenced by the lack of side-chains as well as lamellar order, as

photoluminesence has been observed to increase as a function of side-chain length

due to increased exciton confinement [238]. The PBT photoluminescence is un-

changed even after submerging the film in 5:1 alkane:alkanethiol solvent mixtures,

indicating that this treatment does not damage the optoelectronic properties of

the film, as well as its nanostructure.

The e↵ect on the photoluminescence of back-filling the PBT gyroid with ICBA

is clear. After the first backfilling step, the PBT photoluminescence is strongly

quenched, with the overall PLQE dropping to ⇠ 0.02%. ICBA itself has weak

photoluminescence around 735 nm [239], which is the strongest peak after ICBA

backfilling. Subtracting a Gaussian fitted to the ICBA peak after five backfilling

steps gives an estimate for PLQE from the PBT alone as 0.01%, yielding a PBT

PL quenching of ⇠ 85% upon full ICBA backfilling. This quenching is proof of
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Figure 6.2: Photoluminescence spectra of a gyroid-structured PBT film before
backfilling with ICBA, and after one to six backfilling steps. The pho-
toluminescence is quenched upon addition of ICBA, demonstrating
molecular contact between PBT and ICBA, and exciton dissociation
across their interface. The second harmonic of the laser illumination
overlaps the photoluminescence around 810 nm, so the signal here has
been removed and the spectra were extrapolated (dotted line).

molecular contact between the two materials, and e�cient exciton dissociation at

their interface. It is also evidence that the surface of the gyroid structure with

40 nm unit cell size is within the exciton recombination length of the bulk of the

gyroid. The small decrease in PLQE for successive backfilling steps after the first

one implies that the PBT is almost completely coated with ICBA after the first

backfilling treatment.

6.3.2 Transient Absorption Spectroscopy

Transient absorption spectra as a function of wavelength and pump-probe delay

are shown in figure 6.3 for the un-filled and filled PBT gyroid films. Ground-

state bleaching (GSB) can be seen in both samples, with peaks around 545 nm

and 595 nm, matching the 0-0 and 0-1 peaks in steady-state absorption. Stimu-

lated emission (SE) is also apparent in both samples, with peaks at 675 nm and

740 nm, matching the 0-1 and 0-2 photoluminescence peaks. There is probably

also a stimulated emission peak matching the 0-0 photoluminescence peak at

620 nm, but this is masked by the tail of the ground-state bleaching. Finally,
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photoinduced absorption (PIA) is visible above 610 nm, but only with any sig-

nificance for the backfilled film. Although PIA seems to appear only around 1 ps

after photoexcitation, the negative signals at 630 nm and above 790 nm that are

already present by 0.25 ps indicate that PIA is present directly after photoex-

citation. There were no discernible di↵erences between spectra collected with

1 and 5 J/cm2 pump fluences, suggesting that bimolecular recombination was

weak within the fluence range investigated.

Figure 6.3: Transient absorption spectra for gyroid-structured PBT films (a) be-
fore, and (b) after, backfilling with ICBA. Ground-state bleaching
can be seen with peaks around 545 nm and 595 nm, while stimulated
emission peaks are visible around 675 nm and 740 nm. Photoinduced
absorption is also apparent after 1 ps in the backfilled film, between
⇠ 610 – 800 nm.

The time evolution of the di↵erent spectroscopic features is shown more clearly

in figure 6.4. Transient absorption signals have been integrated over four spec-

tral regions relating to di↵erent transient features (530 – 550 nm, ground-state

bleaching; 590 – 610 nm, ground-state bleaching and stimulated emission; 670 –

690 nm, stimulated emission and photoinduced absorption; and 780 –800 nm, pho-

toinduced absorption), and plotted as a function of time after photoexcitation,

normalised to the peak value.

As expected, all transient features display a peak before decaying back to the

steady state absorption spectrum. The only possible exception is the PIA signal

for the sample without ICBA, but looking at the absolute signal in figure 6.3(a)

shows that this signal is very small anyway, meaning its normalised signal is
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Figure 6.4: Time evolution of di↵erent transient features after photoexcitation
of gyroid-structured PBT films (a) before, and (b) after, backfilling
with ICBA. The signals are normalised to their peak values; the pho-
toinduced absorption of the un-backfilled film is weak, which should
be born in mind when looking at its normalised value.

much more susceptible to noise than the others. In both samples, with and with-

out ICBA, the ground-state bleaching between 530 nm and 550 nm peaks after

about 0.25 ps. Without ICBA, the two stimulated emission signals peaks slightly

later, after 0.7 ps. This is probably a thermalisation e↵ect, with excitons initially

excited to the second and higher vibrational states relaxing to the ground vibra-

tional state. With ICBA, these signals peak earlier, around 0.3 – 0.4 ps, which is

likely due to faster decay processes. These ICBA-induced faster decay processes

are also clear in the evolution of the two signals after they peak. The 590 – 610 nm

peak falls to 10% of its peak value after ⇠ 150 ps without ICBA, but within 10 ps

with ICBA. The 670 – 690 nm peak also decays much faster after the addition of

ICBA, although the signal is conflated with the photoinduced absorption making

it di�cult to determine an exact decay lifetime. The photoinduced absorption for

the PBT:ICBA sample peaks after around 10 ps, decaying relatively slowly over

the next nanosecond.

The spectral and temporal transient absorption features match previously re-

ported behaviour for standard spin-coated, regioregular P3HT and P3HT:PCBM

films [240–242]. As described in chapter 3, the ground state bleach corresponds

simply to depopulation of the HOMO states in the polythiophene. In contrast,

the stimulated emission corresponds to optically allowed transitions from singlet
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excitons back to the ground state, and hence has a strength proportional to the

singlet exciton population. The PIA around 650 nm has previously been ascribed

to bound polaron pairs in P3HT (free polarons induce PIA beyond 1000 nm,

which was not measured here) [242]. Correlating the signals with these popula-

tions allows the elucidation of photoexcitation and subsequent decay routes.

For the PBT-only sample, the photoexcitation initially de-populates the HOMO

levels, generating excitons with a range of vibrational energies. This takes place

within ⇠ 250 fs, with thermalisation relaxing these down to the ground vibrational

state within ⇠ 700 fs. The stimulated emission decays within ⇠ 100 ps, implying

that these singlet excitons have also disappeared in this timeframe. The simi-

lar decay rate in the 0-0 ground-state bleach (590 – 610 nm) and 0-1 stimulated

emission (670 – 690 nm) implies that the HOMO levels re-populate at the same

rate as the singlet excitons depopulate, suggesting a simple S1!S0 relaxation

of singlet excitons back to the ground state; the signals diverge at later times

due to the PIA contribution. Although the photoinduced absorption persists

for longer timescales, it is a very weak signal. In regioregular P3HT films, a

small percentage of ‘hot’ excitons (those with above-thermal energies) are known

to generate polarons rather than relaxing to singlet excitons in the vibrational

ground state [242], which is a possible cause of the PIA observed here.

By contrast, the 670 – 690 nm signal decays significantly faster than the 590 –

610 nm signal once ICBA has been added. This implies that the singlet excitons

are decaying into another, non-emissive excited species rather than relaxing back

to equilibrium. Possible identities are triplet excitons, charge transfer states,

bound polarons, trapped polarons or free polarons. The PIA around 650 nm has

been attributed to bound polarons [242], but this doesn’t rule out the presence of

other non-emissive species. Free polarons have been assoicated with PIA beyond

1000 nm, which is beyond the range of these measurements. Pump-push-probe

experiments could be used to investigate the relative proportions of trapped and

free species [243]. The PIA signal here demonstrates that the bound polarons

persist at least on the nanosecond timescale, but measurements were not con-

ducted out to the millisecond timescale characteristic of charge extraction to the

electrodes after initial photoexcitation [244].

Overall, these transient absorption measurements demonstrate that excitons

are generated in the PBT and, upon addition of ICBA, dissociate into some other
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excited species. The PIA signal suggests that these species persist at least on the

nanosecond timescale. However, the identity of this species cannot be determined,

although bound polaron pairs are likely to make up some proportion of them.

6.3.3 Solar Cell Characterisation

Having observed evidence of exciton photogeneration in the PBT and e�cient

dissociation at the PBT:ICBA interface, solar cells were fabricated and tested.

Figure 6.5 shows the characteristics of the best-performing gyroid-structured de-

vice. Due to time constraints, very little device optimisation was conducted,

most notably with regards to film thickness. Instead the results correspond sim-

ply to the best performing device from a few di↵erent batches, with a PBT film

thickness of roughly 100 – 200 nm as judged by SEM.

Figure 6.5: a) Schematic of the gyroid-structured PBT:ICBA solar cell. b) Out-
put current density of the best-performing gyroid-structured solar
cell as a function of applied potential, with and without AM1.5 solar
illumination. The overall power conversion e�ciency is 0.06%.

The best-performing gyroid-structured PBT:ICBA solar cell had a short-

circuit current density of 0.67mA/cm2, an open-circuit voltage of 0.28V and

a fill factor of 33%, leading to an overall power conversion e�ciency of 0.06%.

This compares poorly to typical P3HT:PCBM e�ciencies of ⇠ 2 – 5% [31], and

at the lower end of previously reported electropolymerised solar cell e�ciencies

of 0.1 – 1.5% [160, 162]. The inferior performance here seems to arise from all

characteristic parameters, as documented in table 6.1.
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Device JSC VOC FF PCE RS

(mA/cm2) (V) (%) (%) (⌦cm2)
Gyroid Device 0.67 0.28 33 0.06 210
Ratcli↵ et al. [159] 3.0 0.5 65 1.0 3
Yu et al. [160] 0.4 0.6 42 0.1 250
Nasybulin et al. [161] 1.4 0.47 38 0.37 170
Tezuka et al. [162] 3.5 0.71 61 1.5 55
Fan et al. [163] 0.3 0.81 38 0.3 870
P3HT:PCBM [31,69] 10 0.6 50 – 65 2 – 5 8

Table 6.1: Summary of solar cell performance characteristics of the champion
gyroid-structured solar cell in this project, previously reported elec-
tropolymerised devices, and common parameters for highly perform-
ing spin-coated P3HT:PCBM devices. Where unreported, the series
resistance, RS, was estimated from the gradient of the illuminated J-V
curve at open-circuit.

The low short-circuit current density of the gyroid-structured device is in

fact typical of electropolymerised devices. Given the short conjugation lengths

measured in electropolymerised films in chapters 4 and 5, especially with gyroid

structure, this is perhaps unsurprising. As well as permitting more extensive

intramolecular transport, long conjugation lengths are compatible with better

⇡-⇡ stacking (as observed from absorption spectroscopy and GIWAXS in chap-

ter 4), and have hence been associated with better inter-chain charge transport

and macroscopic mobility [55]. Spin-coated films employed as transistors have

demonstrated increasingly voltage-dependent mobilities for films with large ex-

citon bandwidths, which was attributed to wider distributions of trap states in

films with short conjugation lengths (the absolute mobilities did not vary system-

atically with the measured conjugation, but transistor mobilities depend strongly

upon the polymer orientation at the substrate surface, which is not specifically

measured by the absorption analysis, and is also not as important in solar cell

devices) [126]. Hence the poor conjugation in gyroid-templated PBT films would

be expected to lead to low current output from the device.

Optimising spin-coated organic solar cell performance has demonstrated the

importance of improved crystallinity inducing high carrier mobilities and low

series resistances [69]. The series resistance for each of the reported electropoly-

merised devices was estimated from the current gradient at open circuit, with
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the results shown in table 6.1. The gyroid-structured device has a series resis-

tance of around 210⌦cm2, over twenty times larger than an optimised spin-coated

device [69]. Only the electropolymerised devices of Ratcli↵ et al. had a series re-

sistance comparable to spin-coated devices, suggesting that low mobility is indeed

a common problem for electropolymerised solar cells.

Besides short conjugation and its implications for poor charge transport in

the PBT phase, the ICBA phase may also be hindering the current output of the

device. The extent of ICBA backfilling has not been quantified beyond photolu-

minescence quenching and SEM images showing clogged gyroid pores. It could

be that the ICBA packing is not dense enough for e�cient, continuous electron

transport to the electrodes; it is known that higher fullerene concentrations are

needed for e�cient charge extraction than for photoluminescence quenching in

spin-coated blends [245]. Pure films of ICBA have been found to crystallise

less than similar films of PCBM [246], which may be a disadvantage of backfill-

ing with ICBA. Further investigation and optimisation of the ICBA back-filling

could be conducted using GIWAXS or calibrated absorption spectroscopy in the

near-ultraviolet spectrum, where ICBA absorbs strongly but PBT doesn’t.

Simulations of photovoltaic operation in organic solar cells with di↵erent

donor:acceptor morphologies suggest that the gyroid structure is susceptible to

significant geminate recombination as a result of its smooth interface and the intri-

cate morphology frequently requiring charge transport against the device’s built-

in field in order for dissociated charges to escape each other [37]. However, this re-

sult will be dependent upon material-specific rate constants such as charge mobil-

ities and dissociation or recombination rates, which in the simulation study were

either chosen to be appropriate to poly(9,90-dioctylfluorene-co-bis(N,N0-(4,butyl-

phenyl))bis(N,N0-phenyl-1,4-phenylene)diamine):poly(9,90-dioctylfluorene-co-ben-

zothiadiazole) blends or assumed. Significant geminate recombination in gyroid-

structured devices would contribute to the low short-circuit currents observed

here. Bimolecular recombination was found to be less of a problem in the sim-

ulated gyroid-structured devices, and indeed the fluency independence of the

transient spectroscopy results reported in section 6.3.2 suggest that bimolecular

recombination is not dominant here.

Low mobility and significant geminate recombination would also account for

the low fill factor observed in the gyroid-structured device. Increasing the applied
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potential towards VOC decreases the e↵ective field inside the device, so if strong

fields are needed to overcome poor charge separation and transport, the fill factor

will be expected to be low. Indeed, improvements in power conversion e�ciency

achieved by reducing series resistance in optimised spin-coated devices resulted

almost equally from improved fill factor and short-circuit current density [69].

The back-filling procedure used to fabricate the gyroid-structured solar cells

seems liable to producing an ICBA capping layer on the PBT film. Unfortunately,

SEM images of the film after multiple back-filling steps appear to show such

morphology (refer back to figure 5.16). With the inverted cell architecture used

here, this could lead to an accumulation of trapped holes at the top contact,

forming a region of positive charge opposing the built-in field of the device, and

further reducing the fill factor. Similar fill factor behaviour has been seen in

standard architecture solar cells where rapidly-evaporated aluminium electrodes

formed poor contact with the active layer, leading to a build up of electrons at

the contact interface [247]. Under reverse bias, a concentrated population of holes

under the ICBA capping layer could induce a strong enough local electric field to

allow injection of electrons from the molybdenum oxide into the ICBA, increasing

the overall current through the device. This would explain the low ‘breakdown’

voltage in reverse bias.

In contrast to the short-circuit current, the open-circuit voltage of the gyroid-

structured device is poor for electropolymerised solar cells. This is in particular

surprising given that ICBA has previously been associated with higher open-

circuit voltages than PCBM due to its higher LUMO [248]. This is perhaps

evidence of pinholes through the device allowing significant leakage currents.

Although electropolymerisation might be expected to give full coverage of all

electrically active areas of the substrate, short-circuited devices were a recurrent

problem (in particular for FTO substrates without a TiO2 layer), so such pinholes

do seem prevalent. Perhaps the electropolymerisation or back-filling technique

could be modified to limit the appearance of pinholes. Leakage currents would

also contribute to the large reverse-bias current observed in the device.

To complement photovoltaic studies of gyroid-structured films, bilayer devices

were also fabricated and tested, with an ITO/PEDOT:PSS/PBT/PCBM/Ca/Al

layered structure as shown in figure 6.6(a). Since pulsed electropolymerisation

was anecdotally observed to yield the smoothest films (according to SEM images),
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this was used for deposition of the PBT layers. Pulses of 0.25 s duration at

di↵erent electropolymerisation potentials were used to build up the PBT layer.

AFM measurements indicated approximate PBT thicknesses of 50 nm.

Figure 6.6: a) Schematic of the bilayer PBT:PCBM solar cell. b) Current-voltage
behaviour of bilayer devices deposited with pulsed electropolymer-
siation at di↵erent potentials, under AM1.5 illumination (reported
potentials approximate).

The bilayer device e�ciencies are higher than for the gyroid-structured de-

vices, ranging from 0.31 – 1.49%. The highest e�ciency device was fabricated with

an intermediate potential, which corresponds with the optimal potential for long

conjugation in untemplated, potentiodynamically electropolymerised PBT films

as found in chapter 4. Devices fabricated with the lowest electropolymerisation

potentials exhibited lower open-circuit voltages and high reverse-bias currents,

suggesting a significant presence of pinholes through the active layer. This might

result from inhomogeneous substrate conductivity, with low deposition poten-

tials not covering points of high resistance as e↵ectively as higher deposition

potentials. The highest electropolymerisation potential yielded a device with low

short-circuit current density and high series resistance, suggestive of the prob-

lems a↵ecting gyroid-structured devices which were speculated to derive from

poor molecular ordering in the PBT. This again correlates with the relationship

between conjugation length and deposition potential observed in chapter 4.

The champion bilayer device had a short-circuit current density of 7.2mA/cm2,

an open-circuit voltage of 0.41V, a fill factor of 51% and a power conversion ef-
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ficiency of 1.49%, which equals the highest-performing previously-reported elec-

tropolymerised solar cell operating under standard illumination conditions [162].

The gradient of the current-voltage slope at open-circuit indicates a series resis-

tance of ⇠ 10⌦cm2, corresponding to optimised spin-coated devices [69]. This

is further evidence, along with Ratcli↵ et al. [159], that electropolymerisation

can produce conjugated polymer films of su�cient quality to compete with spin-

coated P3HT:PCBM devices, at least with untemplated electropolymerisation.

In fact, the champion bilayer device here falls below the optimised P3HT:

PCBM power conversion e�ciency mostly on account of its open-circuit voltage,

which is 0.63V in the spin-coated device and ranges between 0.47V and 0.71V

in the previously reported electropolymerised bilayer devices. Judging from the

electro-oxidation potential of the monomer, thiophene has a slightly lower HOMO

than its alkyl-substituted variants [249,250], and would therefore be expected to

produce a slightly higher VOC than P3HT films. This could be as a result of the

polythiophene chain orientation. In chapter 4, the polymer chains were found

to be predominantly oriented edge-on in thin electropolymerised films as used in

these bilayer devices. This is in contrast to previous reports of polythiophenes

electropolymerised from organic solvents, which all report predominantly face-

on orientation close to the substrate [177, 220, 221]. Shifting average orientation

of P3HT chains from face-on to edge-on has previously been found to decrease

the open-circuit voltage in P3HT:PCBM bilayer devices by 0.18V as the P3HT

ionisation energy varies with orientation due to dipole moments along the polymer

backbone [251].

6.3.4 Space-Charge Limited Currents

Electropolymerised PBT films without ICBA or PCBM addition were used to

measure charge mobility from space-charge limited currents, as has been previ-

ously reported for spin-coated P3HT films [53]. However, an important di↵erence

between spin-coated and electropolymerised films is the smoothness of the films.

Even thin films of electropolymerised PBT have surface roughness, Ra, of up to

⇡ 40 nm according to AFM measurements, whereas it is not unusual for spin-

coated polymer films to have surface roughness of Ra6 5 nm. Since the SCLC

treatment assumes a uniform film thickness, and indeed the calculated mobility
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depends upon the third power of the film thickness, rough film surfaces are likely

to induce substantial errors. Hence the charge mobilities reported in the follow-

ing section are only approximate. As for bilayer solar cells, pulsed electropoly-

merisation was used in an attempt to minimise surface roughness and hence er-

rors in the calculated mobility (the gyroid-structured film was electropolymerised

with constantly-varying potential, as with all other gyroid-structured films in this

chapter). Film thicknesses were also kept beneath 70 nm, again due to observed

improvements in film roughness. Since substantial current is likely to span the

polymer film at its thinnest points, where resistance is presumably lowest, the

mobilities reported here are likely to represent maximum values.

Figure 6.7(a) shows a representative graph of the square root of current density

as a function of voltage applied across a polymer film, with an approximately lin-

ear relationship between
p
J and V indicating the region of space-charge limited

current used to deduce charge mobility. Using equation 3.2, the charge mobili-

ties shown in figure 6.7(b) were calculated for untemplated and gyroid-structured

PBT films as a function of electropolymerisation potential.

Figure 6.7: a) Graph of
p
J against applied voltage for a PBT film electropoly-

merised with pulsed deposition at approximately 0.40V, with a
roughly linear region corresponding to the space-charge limited cur-
rent. b) SCLC-derived mobilities as a function of deposition potential
for electropolymerised PBT films. Note that the deposition potentials
shown here are approximate due to the reference electrode used.

Although the mobilities and potentials are only approximate, there is a clear

trend for higher electropolymerisation potentials to lead to deposition of films
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with lower charge mobilities. This appears to correspond closer to the behaviour

observed in chapter 4 for conjugation lengths with potentiostatic electropolymeri-

sation rather than potentiodynamic electropolymerisation. The films deposited

here are significantly thinner than the films used for visible absorption analysis,

which may be one source of this discrepancy, along with the indirect relationship

between conjugation lengths and charge mobility.

Regioregular P3HT films with SCLC architecture have been found to have

mobilities in the range of ⇠ 1⇥ 10-5 – 5⇥ 10-4 cm2/Vs depending upon molecular

weight [53]. Hence the mobilities measured for the untemplated electropoly-

merised PBT films fall roughly within the region of low molecular weight, re-

gioregular P3HT. The mobility measured in the gyroid-structured film also lies

towards the bottom of this range, with a value lower than the untemplated film

deposited with the same deposition potential. This is in agreement with the

inferior conjugation and photovoltaic performance observed in gyroid-templated

films. It should be remembered that the SCLC measurements presented here are

likely to represent an upper limit on the true film mobility.

6.4 Conclusions

Photoluminescence and transient absorption spectroscopy demonstrate e�cient

exciton generation and dissociation in gyroid-structured PBT:ICBA films. How-

ever, photovoltaic performance in gyroid-structured solar cells is poor, with a

maximum achieved power conversion e�ciency of 0.06%. This is partly attributed

to high series resistance in the device, which is a common problem for previously-

reported electropolymerised solar cells. High series resistance corresponds with

the poor conjugation observed for electropolymerised films in chapters 4 and 5, es-

pecially for gyroid-templated deposition. Indeed, bilayer devices fabricated with

untemplated polymerisation exhibited better performance, with 1.49% power con-

version e�ciency and series resistance comparable to spin-coated P3HT:PCBM

films.

It is possible that there is scope for considerable improvement in the gyroid-

structured device performance. The ICBA backfilling can still be investigated

to ascertain and improve the extent of backfilling and fullerene ordering, and

to ensure there is no ICBA capping layer above the PBT film. Additionally,
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PBT film deposition should be optimised to give complete film coverage with-

out pinholes, and films of most suitable thickness. Finally, investigation into

all electropolymerisation conditions has not been exhausted. Importantly, the

poor device performance measured here is attributed to the constraints of the

fabrication procedure, rather than intrinsic problems with the gyroid structure.
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Chapter 7

Electrochemical Techniques for

Perovskite Solar Cells

This chapter describes two separate projects employing electrochemical tech-

niques for the fabrication of lead halide perovskite solar cells. The first project de-

scribes electropolymerisation of poly(3,4-ethylenedioxythiophene) (PEDOT) fin-

ger electrodes for back-contact solar cells, and the second investigates perovskite

films deposited via electrodeposition of a lead oxide precursor.

The first project was carried out as a collaborative e↵ort. My role was to pre-

pare the PEDOT contacts for hole extraction, and this is described in detail; the

rest of the project is summarised for completeness but was conducted principally

by other people. The second project was conducted myself.

7.1 Back-Contact Perovskite Solar Cells

7.1.1 Background

The recent emergence of lead halide perovskite materials for thin-film photo-

voltaics fabricated via cheap solution-processing techniques is discussed briefly

in chapter 2. Until now, perovskite-based devices have generally been based

upon organic or dye-sensitised solar cell architectures [252, 253], with the active

layer sandwiched between two electrodes, one of which must be transparent (see

figure 7.1(a)). As the power conversion e�ciencies of perovskite-based devices ap-
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Figure 7.1: Schematic diagrams of a) the conventional ‘sandwich’ architecture,
and b) the back-contact architecture for perovskite solar cells. The
schematic for the sandwich architecture shows a transparent cathode,
an electron transport layer (ETL), a hole transport layer (HTL), and a
metal anode, along with common examples of materials used for each
of these. The back-contact architecture has alternating, interdigitated
cathodes and anodes formed of ITO coated with an electron-selective
and hole-selective material (TiO2 and PEDOT) respectively. Both
architectures are designed to be illuminated from above as shown in
this figure.

proach those of crystalline silicon-based devices [20,83], it is worth exploring the

fabrication and performance of perovskite solar cells built with the back-contact

architectures commonly employed in silicon solar panels [254].

Back-contact architectures, in which both the anode and cathode are posi-

tioned between the substrate and the active region of the solar cell (figure 7.1(b)),

have several advantages over ‘sandwich’ architectures for use in commercial, large-

area solar panels. Most obviously, back-contact designs avoid the placement of

any electrical components on one side of the active layer, reducing or avoiding

‘shading’ losses from light being absorbed before reaching the active layer of the
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device [36, 254]. Although transparent conducting layers are used in sandwich

architectures, these still absorb some light; even if a non-conductive encapsula-

tion layer is required for the perovskite active layer, it is likely to have a higher

transmission than conducting layers. Placing all of the electronics on the opposite

side to that which is illuminated allows each face of the device to be optimised

independently, for electronic and optical properties respectively. This advantage

is greater for large area panels composed of multipe cells, where metallic intercon-

nects are required between the di↵erent cells. In particular, wide interconnects

can be used without causing shading, allowing resistive losses in the interconnects

to be minimised (di↵erences in thermal exapnsion limits interconnect thickness,

the other dimension in which they could expand to reduce resistance) [36]. Ad-

ditional advantages of containing all interconnect circuitry in one plane include

higher cell packing density, simpler manufacture and improved aesthetics [36].

In order to fabricate a back-contact solar cell, interdigitated fingers with al-

ternating charge selectivities are required. Furthermore, the active layer thick-

ness, and separation between fingers must be comparable or smaller than the

charge di↵usion length in the active region, so that generated charges are on

average collected by the contacts rather than recombining. Previous measure-

ments have reported charge di↵usion lengths from hundreds of nanometres up to

one micrometre in polycrystalline thin film perovskite cells [255, 256], and even

millimetres in large, single crystals of perovskite [257]. Lateral di↵usion lengths

were probed by collaborators in this project to determine optimal interdigitated

electrode spacing; this investigation of lateral charge di↵usion lengths eventually

led to evidence of photon recycling in the perovskite films.

The fabrication strategy in this project uses photolithography to define an

interdigitated electrode pattern in ITO on a glass substrate. To provide charge

selectivity at the two sets of electrodes, di↵erent blocking layer materials need

to be deposited to completely cover the alternating electrodes. The di�culty of

properly aligning successive layer deposition without registration errors makes

electrodeposition of these blocking layers the simplest fabrication route. Elec-

trodeposited TiO2 was chosen to be the electron-collecting layer, with electropoly-

merised PEDOT the hole-collecting layer. Hence, electropolymerisation of hole-

selective PEDOT covering the desired ITO electrodes was investigated and char-

acterised.
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7.1.2 Experimental Methods

Electrodeposition of PEDOT anodes constitutes one part of the fabrication route

for back-contact lead halide perovskite solar cells. Full details of the other fab-

rication and characterisation steps are published elsewhere [258]. Briefly, pho-

tolithography was used to define a pattern of interdigitated fingers (4 m width,

4 m separation) on an ITO-coated glass substrate. ITO was removed from the

exposed spaces between the desired fingers via etching with hydrochloric acid,

followed by dissolution of the remaining resist with acetone. Subsequently, tita-

nium hydroxide was electrodeposited onto one half of the ITO fingers from an

aqueous titanium oxysulphate solution and annealed at 400 �C to yield polycrys-

talline titanium dioxide. The PEDOT electropolymerisation on the remining ITO

fingers was performed at this point, and is discussed further in the main body

of this chapter. Finally, a solution of lead acetate and methylammonium iodide

in N,N-dimethylformamide was spin-coated on top of the electrodes at 2000 rpm

and annealed at 100 �C to give a uniform methylammonium lead iodide perovskite

film. A schematic of the fabrication procedure is shown in figure 7.2.

Figure 7.2: Schematic overview of the fabrication process for interdigitated back-
contact perovskite solar cells, reproduced from reference [258]. Pho-
tolithography and hydrochloric acid etching define interdigitated ITO
fingers on a glass substrate. Titanium dioxide and PEDOT layers are
then electrodeposited on alternating fingers before a methylammo-
nium lead iodide film is spin-coated on top and annealed to complete
the device.

All electropolymerisation was conducted inside a sealed glass chamber con-

taining the appropriate concentrations of EDOT monomer, lithium perchlorate

supporting electrolyte and solvent. A three electrode setup was used, with a

platinum foil counter electrode, ITO working electrode and a reference electrode
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which was chosen as a function of the solvent used. For deionised water and

methanol mixtures, a saturated calomel reference electrode was used, whereas a

silver wire pseudo-reference electrode was used with acetonitrile and propylene

carbonate. A ferrocene solution was used to calibrate the silver wire pseudoref-

erence electrode.

7.1.3 Electropolymerisation of PEDOT Anodes

Optimisation of PEDOT Electropolymerisation

Given that templated electropolymerisation was not required for this project,

standard aqueous and organic solvents could be used. Initial electropolymeristion

was conducted using three commonly reported solvents for PEDOT electropoly-

merisation, namely acetonitrile [259], propylene carbonate [259] and a 50:50 (vol)

mix of de-ionised water and methanol [260]. In each case, 0.02M EDOT monomer

concentration was used. Following the conditions used by Dehmel et al. [260],

0.1M lithium perchlorate was used as the supporting electrolyte for the de-ionised

water:methanol mixture and acetonitrile; this was found to give very patchy de-

position from propylene carbonate so 0.5M lithium perchlorate was used with

this solvent as this greatly improved coverage (see figure 7.3(b)). This could be

due to improved conductivity, which is found to peak around 1M lithium perchlo-

rate in propylene carbonate [205]. Cyclic voltammetry was used to determine the

potential at which polymerisation started, and films were subsequently deposited

from each solvent using the lowest potential possible. The cyclic voltammogram

for propylene carbonate and normalised absorption spectra for representative de-

doped PEDOT films deposited from each solvent are shown in figure 7.3.

The cyclic voltammogram for electropolymerisation of PEDOT from propy-

lene carbonate shown in figure 7.3 corresponds with previously reported voltam-

metry [261]. As for PBT electropolymerisation, there is a sharp rise in current

on the first anodic sweep, at an increased potential compared to the return trace,

occurring here at around 1.2V vs. Ag. This overpotential on the first anodic

sweep is again a manifestation of redox catalysis, as described in chapter 4. The

redox reaction observed around -0.6V corresponds to doping and de-doping of

the conjugated polymer, and is accompanied by a clearly observable change in

film colour from pale blue to dark blue or black. The inset of figure 7.3(a) shows
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Figure 7.3: a) Cyclic voltammogram showing deposition of PEDOT onto ITO fin-
gers from 0.01M EDOT, 1.0M LiClO4 in propylene carbonate. The
inset shows a cyclic voltammogram for the ferrocene redox reaction
in an identical solution, other than an additional 0.01M ferrocene.
Both experiments were conducted at 50mV/s. b) Absorption spec-
tra for PEDOT films deposited from the three solvents indicated.
The inset shows the improvement in film coverage from increasing
the LiClO4 concentration in propylene carbonate from 0.1M (left) to
0.5M (right).

the ferrocene/ferrocenium redox couple measured in the same solution used for

PEDOT electropolymerisation, with 0.01M ferrocene added. The anodic peak

current occurs at 0.31V vs. Ag and the peak cathodic current occurs at 0.01V

vs. Ag, giving an equilibrium potential for the reaction of 0.16V vs. Ag. Having

determined this reference potential following IUPAC guidelines [198], all further

potentials are given relative to the Ag pseudoreference electrode.

Initial experimentation with PEDOT electropolymerisation revealed deposi-

tion of films at rates much faster than had been found for PBT electropolymerisa-

tion from ionic liquids. Since thin PEDOT films were required for hole-selectivity

without high resistance, this limited deposition timescales to hundreds of mil-

liseconds. Hence potentiodynamic techniques were impractical, and all further

electropolymerisation presented here was conducted potentiostatically.

Absorption spectra were taken for films deposited from the three solvents and

compared (figure 7.3(b)). Just as for unsubstituted and alyklated polythiophenes,

PEDOT is redox-active and can be doped and de-doped. The absorption spec-

tra shown here correspond to films de-doped at -0.8V, held until the de-doping
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current stabilised. The spectral absorption profiles are similar for films deposited

from all three solvents, but the wavelength of peak absorption increases in the

order water:methanol < acetonitrile < propylene carbonate. The single, broad

absorption peak of these de-doped films correspond to the ⇡-⇡⇤ transition [262].

These peaks are featureless, probably as a result of energetic disorder leading to a

distribution of bandgap energies in the film [263]; such absorption spectra are not

unusual for electropolymerised PEDOT [259]. The wavelength of this absorption

transition has been correlated to chain lengths in EDOT oligomers [264], as well as

oligothiophenes [121], implying that redder absorption peaks in conjugated poly-

mer films correspond to longer average conjugation lengths. Hence these spectra

are interpreted to report longest PEDOT conjugation lengths for electropoly-

merisation from propylene carbonate. This agrees with previously reported opti-

mal conjugation for PEDOT electropolymerised from propylene carbonate [259].

Further investigation was therefore conducted using propylene carbonate as the

solvent. Given the peak in conductivity at ⇠1.0M LiCl4 in propylene carbon-

ate [205], this concentration of electrolyte was used in all subsequent experiments

too.

Absorption spectra of de-doped PEDOT films electropolymerised from di↵er-

ent EDOT concentrations in propylene carbonate are shown in figure 7.4(a). All

of these films were electropolymerised at 1.2V until 20mC of charge had passed

(over similar deposition areas for each sample). The main di↵erence between the

spectra shown here is the absorption strength. Films deposited from the extremes

in EDOT concentration show the weakest absorption, with peak absorption mea-

sured for 0.01M EDOT. Since all films were electropolymerised with the same

charge consumed, there are three possible explanations for this systematic varia-

tion in absorption with monomer concentration. Either electropolymerisation is

most ‘e�cient’ at 0.01M EDOT, such that more polymer film is deposited per

unit of charge passed, or the polymer film is most structurally robust when de-

posited from 0.01M EDOT, so that rinsing the film after deposition leads to the

least material washed o↵, or the polymer that is deposited has greatest intrinsic

absorption when electropolymerised from this monomer concentration.

No material was observed to detach from the film during rinsing, so this ex-

planation was rejected. Ine�cient electropolymerisation implies that relatively

large amounts of charge are transferred to monomers or oligomers that don’t
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Figure 7.4: a) Absorption spectra of PEDOT films electropolymerised from vary-
ing EDOT concentrations and b) variation of peak absorption wave-
length with EDOT concentration. The absorption spectra have not
been normalised and all correspond to films electropolymerised hav-
ing passed the same charge.

ultimately become incorporated into the adhered polymer film. Although lower

EDOT concentrations might lead to radical oligomers being less likely to couple

with other radical oligomers before di↵using away from the polymerisation re-

gion, it seems counter-intuitive that high EDOT concentrations would also cause

lower electropolymerisation e�ciency in this way. Instead, looking at the spectral

features of the absorption spectra suggest that the third explanation for varying

absorption could be appropriate. The wavelength of peak absorption is found to

red-shift for intermediate EDOT concentrations (see figure 7.4(b)). This seems to

occur as a result of an increasingly resolved vibronic structure in the absorption

spectra, with growing absorption in the redder vibronic peak. In analogy to the

polythiophene spectra discussed in earlier chapters, this would suggest decreasing

exciton bandwidth and energetic disorder, i.e. enhanced crystallinity, for films

deposited from the intermediate EDOT concentrations. Oscillator strength, and

hence absorption for a given film thickness, is known to increase with crystallinity

in spin-coated P3HT films [126], which would explain the observed rise in absorp-

tion for films deposited from intermediate EDOT concentrations. Hence interme-

diate EDOT concentrations were inferred to yield PEDOT films with improved

crystallinity after electropolymerisation, and further electropolymerisation was

conducted from 0.01M EDOT solutions.
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Having conducted these experiments, the optimised PEDOT electropolymeri-

sation conditions were settled upon. Films were electropolymerised potentiostat-

ically from 0.01M EDOT in propylene carbonate with 1.0M LiClO4 supporting

electrolyte. Following the results of PBT discussed in earlier chapters, in which

low potentiostatic potentials were found to yield better molecular ordering, elec-

tropolymerisation was conducted at the lowest potential at which deposition was

observed. Following cyclic voltammetry and current-time traces measured with

di↵erent applied potentials, electropolymerisation was thus conducted at +1.2V

vs. Ag.

PEDOT Film Characterisation

Having optimised PEDOT electropolymerisation on standard ITO substrates,

film deposition on interdigitated ITO fingers was attempted and characterised.

Perovskite solar cells were fabricated as described in the experimental section of

this chapter, with a range of PEDOT electropolymersiation, TiO2 electrodeposi-

tion and CH3NH3PbI3 perovksite spin-coating parameters. Solar cell performance

would depend on the combination of all of these fabrication steps, but given that

the initial aim for this project was proof-of-principle, a relatively small variety

of deposition parameters were used. The highest power conversion e�ciency was

achieved for a device with PEDOT electropolymerisation lasting 1.0 s (see sec-

tion 7.1.4). Characterisation of similarly-deposited PEDOT finger electrodes is

described here.

Figure 7.5(a) shows the current-time trace recorded for PEDOT electropoly-

merisation. There are three distinct current regions. At very short times (< 0.15 s),

the current sharply drops. This corresponds to charge bilayer formation in the

solution near the electrode. Between ⇠ 0.15 s and 0.75 s, the current grows to a

plateau which continues to the end of the deposition run. This initial current

rise occurs as the growing radical monomer population induces redox catalysis,

and the growing PEDOT film also increases the exposed surface available for

polymerisation. By 0.75 s, the radical monomer and oligomer populations reach

steady-state and the current stabilises.

The PEDOT film thickness was measured by atomic force microscopy (AFM).

PEDOT was deposited on one half of the interdigitated fingers, alternating with

fingers that were left with bare ITO. Tapping mode AFM was used to scan across
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Figure 7.5: a) Current-time trace for deposition of PEDOT onto an ITO finger
at 1.2V vs. Ag; b) AFM scan across adjacent ITO fingers, one bare
and one with PEDOT coverage, averaged over 5 m of finger length.

two adjacent fingers. The height recorded aross this profile, averaged over 5 m

of finger length, is shown in figure 7.5(b). Taking the di↵erence in average height

between the bare ITO and PEDOT-coated ITO gives a PEDOT thickness of

⇠ 35 nm.

Scanning electron microscopy (SEM) was also used to image the PEDOT film

morphology. Figure 7.6 shows an ITO finger electrode before (a), and after (b)

electropolymerisation. Close inspection of the images reveals the rough, gran-

ular morphology of the ITO being replaced by a more ‘globular’ morphology.

This PEDOT morphology extends over the whole ITO electrode, suggesting full

coverage.

PEDOT Doping

Further characterisation of the electropolymerised PEDOT films was carried out

with X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spec-

troscopy (UPS). Figure 7.7 shows XPS spectra in the S 2p, O 1s and C1s orbital

regions. These spectra were taken for PEDOT films electropolymerised on gold-

coated glass slides because films deposited on ITO charged too much during XPS

analysis to obtain reasonable measurements.

The S 2p region of the XPS spectrum exhibits a doublet at 162.4 eV and

163.5 eV, corresponding to the S 2p3/2 and 2p1/2 features respectively [265]. There

is a third feature centred around 165.2 eV, 1.7 eV higher than the main peak at
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Figure 7.6: SEM images of the ITO finger, a) before and b) after PEDOT depo-
sition. The PEDOT deposition conditions were +1.20V vs. Ag for
1 s from 0.01M EDOT, 1.0M LiClO4 in propylene carbonate. Close
inspection of the images suggests essentially complete PEDOT cov-
erage.
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Figure 7.7: XPS spectra of a) S 2p, b) O 1s and c) C 1s orbitals for PEDOT films
as-deposited, and d) comparison of O 1s spectra for PEDOT films
after de-doping at di↵erent potentials.

163.5 eV. This closely matches the ⇡-⇡⇤ transition bandgap [266], and hence is

likely a shake-up feature (resulting from the photoejected electron losing some

energy by exciting a separate electron from the HOMO to the LUMO level) [265].

The O1s region of the spectrum exhibits three features, namely the main

C-O-C peak at 531.9 eV [267], a small peak at 534.3 eV, and a third peak at

lower binding energies, which can be attributed to the ClO4
� counter-ion [267].

Indeed, the magnitude of this third peak signal relative to the first decreases

as the PEDOT films are de-doped at increasingly negative potentials after elec-

tropolymerisation (see figure 7.7(d); the spectra here have been normalised and

the origin set to the peak signal for each trace to account for slight variations
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in bandgap o↵set, presumably caused by sample charging). This demonstrates

that de-doping the PEDOT film decreases the ionic bonding between the PE-

DOT and ClO4 dopants, returning the PEDOT to its neutral, semiconducting

state. This de-doping e↵ect was also seen in absorption spectra taken for films

de-doped at di↵erent potentials, in which absorption at longer wavelengths than

the ⇡-⇡⇤ transition decreases with de-doping as interband polaron and bipolaron

states are removed (not shown here).

The C 1s region of the spectrum shows a main peak at 285.1 eV, which is likely

to arise from the C-O-C and C=C-O bonds [267], a second peak at 283.6 eV, which

corresponds to C-C and C-S bonds [267], and a shake-up feature at 286.8 eV [267].

Since the PEDOT film is being used as a charge-selective electrode layer, one

of its most important properties is its workfunction. Hence ultraviolet photoelec-

tron spectroscopy was carried out for PEDOT films electropolymerised on gold,

after de-doping at various potentials to investigate the influence of doping level

on the workfunction. The spectra obtained are shown in figure 7.8. Figure 7.8(a)

shows the whole UPS spectrum, essentially the range of energies with which pho-

toelectrons are emitted from the sample surface. The highest detected energies

(figure 7.8(b)) correspond to photoelectrons that leave the sample surface with-

out any inelastic collisions before reaching the detector. Hence these are emitted

with kinetic energies matching the photoexcitation energy, minus the HOMO

ionisation energy that they have to overcome to leave the sample surface. The

lowest detected energies (figure 7.8(c)) correspond to photoelectrons that only

just reach the detector after inelastic collisions, with kinetic energies approaching

zero. The whole spectrum is shifted by Fermi level alignment between the sample

and the detector (hence all samples exhibiting the same HOMO energy), and by

a deliberately-applied potential to separate the signal from secondary eletrons

ejected from the detector itself. Hence the absolute values vary, but the PEDOT

workfunction can be measured by deducting the di↵erence in HOMO and onset

energy from the photoexcitation energy [268]. The PEDOT workfunctions for

di↵erent de-doping potentials have been calculated in this way, and are shown in

figure 7.8(d).

The measured PEDOT workfunctions agree roughly with literature values

(which themselves show reasonable variation) [268–270]. For the most part, the

variation in workfunction with doping level is also as previously reported, with
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Figure 7.8: Normalised UPS spectra of PEDOT films de-doped at various poten-
tials after electropolymerisation. The full spectra are shown in figure
(a), with the HOMO and onset regions displayed in figures (b) and
(c) respectively. Figure (d) plots the workfunctions calculated from
the di↵erence in HOMO and onset energy, taking into account the
21.2 eV He I excitation source energy.

increased doping (more positive doping potential) leading to greater workfunc-

tions [271,272]. It is not known why the fully de-doped film does not follow this

trend. Unfortunately, only one measurement was taken for each doping level, so

it is not known if this last workfunction is an accurate value or not. Measurement

of the workfunction of organic materials is known to be very sensitive to prepa-

ration and measurement conditions [273], so there could have been a problem

with surface contamination, for example. Alternatively, given the problems that

were encountered with charging for films on ITO substrates rather than gold sub-

strates, it could be that the lower conductivity of fully de-doped PEDOT a↵ects

the measurement. Previously reported measurements have observed a linear rela-
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tionship between doping potential and resultant workfunction over the full doping

potential range [271, 272]. In any case, it is clear that the workfunction can be

continuously tuned within the range of at least 4.2 –4.6 eV via electrochemical

doping post-deposition. Furthermore, the fully-doped PEDOT-coated electrodes

used in the back-contact perovskite solar cells are assumed to have a workfunction

of about 4.6 eV.

7.1.4 Back-Contact Lead Halide Perovskite Solar Cells

This section and the next section summarise results obtained with the back-

contact pervoskite solar cells employing the PEDOT-coated electrodes described

in this chapter thus far. My role was to prepare the PEDOT electrodes, these

sections describe work conducted by other members of the collaboration, led by

Luis Pazos-Outón, and is included for context and completeness.

As described previously, a narrow range of TiO2, PEDOT and perovskite

deposition parameters were investigated. PEDOT was electropolymerised as de-

scribed earlier (potentiostatic deposition from 0.01M EDOT, 1.0M LiClO4 in

propylene carbonate at +1.2V vs. Ag) for 0.25 s, 0.50 s, 0.75 s and 1.0 s. The

highest power conversion e�ciency recorded for a back-contact device was 0.11%,

obtained with a device using PEDOT electrodes that had been electropolymerised

for 1.0 s. The current-voltage trace for this device is shown in figure 7.9(a). Given

that this was the longest of the deposition times used, it is not known if extending

the deposition time would improve the performance further. In any case, the other

fabrication parameters were being varied too, so very few devices were tested with

each set of fabrication parameters. Figure 7.9(a) also shows the current-voltage

measurement from the highest-performing device fabricated without charge se-

lective layers (i.e. perovskite spin-coated on top of the bare ITO interdigitated

electrodes). This device produces essentially no photocurrent, demonstrating the

clear advantage of charge-selective electrodes. This is to be expected, since with-

out charge selectivity, there is essentially no asymmetry in the device to yield an

output voltage.

For the device with selective contacts, the sharp increase in current at voltages

more negative than �0.4V could be evidence of an extraction barrier limiting cur-

rent output (although it might just be the device shorting due to photo-induced
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Figure 7.9: a) Current-voltage measurement for best-performing back-contact
perovskite solar cells, with and without selective contact layers over
ITO. b) Photocurrent map and trace at constant y, measuring cur-
rent output under localised illumination. Note that the photocurrent
axes do not start at zero.

breakdown). Indeed, using confocal microscopy to scan illumination localised

with resolution < 1 m yields a photocurrent map as shown in figure 7.9(b). The

photocurrent extracted with illumination over the TiO2-coated electrodes reaches

500 pA, whereas for illumination over the PEDOT-coated electrodes, the pho-

tocurrent doesn’t exceed 400 pA (note that the photocurrent axes do not start

at zero in figure 7.9(b)). This suggests that the extraction barrier exists at the

PEDOT electrode, although this hasn’t been investigated further. Fabricating

and testing solar cell devices employing PEDOT films with di↵erent doping lev-

els (and hence workfunctions) would be a sensible next step. Recently, a back-

contact perovskite solar cell employing 2 m-wide interdigitated fingers (with 2 m

separation) of ZnO-coated ITO and NiO-coated aluminium as electron- and hole-

extraction layers respectively reported power conversion e�ciencies of 3.2% [274].

7.1.5 Photon Recycling in Lead Halide Perovskites

The back-contact device architecture also led to experiments demonstrating the

‘photon recycling’ e↵ect in CH3NH3PbI3 perovskite films [258]. Confocal mi-

croscopy was used to provide localised photoexcitation of the device away from

the outer finger electrodes in order to determine lateral charge di↵usion lengths,

as the relationship between this length and the interdigitated electrode pitch
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strongly impacts device performance. These experiments revealed that charge

extraction was possible even with excitation over 100 m from the nearest elec-

trodes (see figure 7.10(a)). The observation of excitation propagation (between

absorption and charge extraction) over such large distances implies either that

charge di↵usion lengths also extend over these distances, considerably further

than previously reported for polycrystalline thin films [255, 256], or that some

other process is extending excitation propagation.

Figure 7.10: a) Photocurrent was collected even with photoexcitation 50 m away
from the electrodes, b) Experimental setup for photoluminescence
mapping, c) Comparison between experimental (top) and predicted
(bottom) spectral photoluminescence mapping, indicating excitation
propagation beyond Beer-Lambert expectations. These diagrams
are all adapted from reference [258], and have been prepared by
collaborators.

Strong phonon coupling with charge carriers in CH3NH3PbI3 perovskite films

leads to large homogeneous broadening of the emission spectrum [275], which in

combination with a small Stokes shift [275] leads to significant overlap between

the emission spectrum and the absorption edge and tail. Combined with low non-
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radiative decay [276], these properties harbour the potential for significant photon

recycling, whereby photoexcited charge carriers recombine and re-emit before be-

ing regenerated elsewhere in the film after re-absorption. Such processes allow

excitation propagation far beyond charge di↵usion lengths. The weak absorp-

tion spectrum tail at wavelengths longer than the sharp absorption edge allows

the reddest part of the emission to propagate over the largest distances before

re-absorption; the emission spectrum is un-a↵ected by excitation energy [275],

so excitation propagation via this red light does not red-shift successive emis-

sions (the additional energy required is probably provided by phonon-assisted

thermalisation).

Evidence for such photon recycling comes from comparison between detected

photoluminescence and that anticipated from simple Beer-Lambert absorption as

a function of separation between excitation and detection. Spectral absorption

coe�cients for use in the Beer-Lambert model were extracted from photothermal

deflection spectroscopy and photoluminescence excitation spectroscopy, account-

ing for non-radiative and radiative post-absorption mechanisms respectively. A

confocal setup allowing localised excitation and detection was used in combination

with thin perovskite films (⇠100 nm thick) that wave-guide most photoluminesc-

ence emission through the film rather than allowing scattering out of it [258] (see

figure 7.10(b)). Placing the detector at the edge of the film captures light wave-

guided through the film as well as light emitted luminescently at the edge of the

film, giving a complete measurement of the internal photon population.

The experimental and theoretical spectra are shown in figure 7.10(c), from

which it is clear that Beer-Lambert absorption underestimates the detected out-

scattered light. In addition to simply underestimating this detected emission,

the Beer-Lambert analysis also fails to reproduce the emergence of two spectral

peaks, corresponding to gradually red-shifting emission and persistent emission

centred around 765 nm. These peaks are interpreted as corresponding to emission

waveguided through the film, red-shifted by the absorption spectrum, and intrin-

sic perovskite emission from recycled photons respectively. This interpretation

is corroborated by the photocurrent measurements, with reported charge densi-

ties matching those expected from the observed emission centred around 765 nm

(for the fluences used here, photoluminescence in organometal perovskites results

primarily from bimolecular recombination [276], so the square-root of photolu-
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minescence is expected to correspond to charge density). The persistence of the

intrinsic emission spectrum amidst the red-shifting waveguided emission, and its

spatial correlation with measured charge densities provide strong evidence for the

photon recycling process.
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7.2 Perovskite Solar Cell Fabrication via Elec-

trodeposition

7.2.1 Background

The solution-processability of perovskite-based solar cells makes them an alterna-

tive to organic-based devices in the search for cheap photovoltaics [252,277,278].

However, the solvents used (such as N,N-dimethylformamide or -butyrolactone)

are typically toxic, increasing production costs and potentially limiting the envi-

ronmental benefits. Additionally, while simple spin-coating techniques have led

to very e�cient devices, there have been problems with incomplete or inhomoge-

neous film coverage limiting reproducible performance in simple planar architec-

tures as a result of pinholes in the film providing shunt current paths [279, 280].

Recent progress has been made on this front by controlling crystal growth through

the choice of anion in the lead precursor, most notably with lead acetate [281].

Mesoporous sca↵olds have also been used to avoid shorting problems, but this

complicates device architecture, adding fabrication steps. Single-step spin-coated

films typically require an annealing step before crystalline perovskite films are

obtained [279, 282]. This again represents an additional fabrication step, which

would be expensive for large-scale manufacture. Finally, relatively few publica-

tions investigate the large-area devices required for commercialisation [86], so it

is worth exploring alternative fabrication routes which may be more amenable to

these large areas.

As an alternative to solution-processing techniques, thermal vapour deposi-

tion has been used to fabricate simple planar devices with uniform perovskite

film coverage and correspondingly high e�ciency (15.4%) [82], but this requires

high temperatures and vacuums. Another technique worth exploring for cheap,

large-scale manufacture is electrodeposition. This is already used in large-scale

manufacturing of silicon solar panels [283], involves little material wastage or

toxic solvents, and can yield complete coverage of exposed areas regardless of

morphology [284, 285]. Additionally, electrodeposition may allow more control

over the morphology of the perovskite part of a device, for example via templated

techniques such as those shown for polythiophene gyroid and interdigitated struc-

tures described earlier in this thesis. Although the large exciton di↵usion lengths
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(⇠ 100 nm – 1 m [255,256]; now shown to be influenced by photon recycling [258])

found in perovskites make it unlikely for bulk heterojunction structures to be ben-

eficial to solar cell performance, well-controlled perovskite morphologies could be

beneficial in other applications. For example, grating-like patterns could be useful

for fabricating distributed feedback lasers using perovskite gain media [276,286].

Electrodeposition of the perovskite material combined with a grating template

defined by photolithography could in principle allow simple fabrication of such

devices. Alternatively, nanostructure-induced exciton confinement could reduce

dissociation in perovskite-based LEDs and improve current e�ciency [287].

Electrodeposition has been used in the fabrication of a variety of perovskite

films, in particular for high-temperature superconductor [288–290], solid oxide

fuel cell [291,292] and dielectric applications [293]. These have typically involved

electrodeposition of an amorphous film followed by high temperature anneal-

ing, although some direct perovskite electrodeposition has been reported [290].

Organometal halide perovskites have also been fabricated via electrodeposition of

lead oxide films, followed by chemical conversion to the desired perovskite [294].

However, upon commencement of this research, such electrochemically prepared

organometal halide films had been restricted to two-dimensional perovskites (in-

teresting for optical properties as a result of their inherent multiple quantum

well structure) rather than the three-dimensional perovskites employed in high-

e�ciency solar cells.

The aim of this project was therefore to investigate electrodeposition as a tech-

nique for fabrication of organometal halide perovskite films. Despite the potential

for nanostructured perovskite films, this initial investigation of electrodeposition

was limited to planar films, to simplify fabrication and characterisation of the

resulting morphology. Hence solar cells were fabricated to assess the performance

of electrodeposited films in devices.

7.2.2 Experimental Methods

The fabrication method was developed with reference to the previously-reported

fabrication of two-dimensional organometal halide perovskite materials via elec-

trodeposition [294]. An overview of the process is given in figure 7.11. First,

lead oxide is electrodeposited onto the substrate. This is converted to lead io-
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Figure 7.11: An overview of the fabrication process. First, PbO2 films are elec-
trodeposited onto TiO2-coated FTO using a three-electrode setup.
This PbO2 film is iodinised to PbI2 through exposure to hydroiodic
acid vapour. Finally, the PbI2 film is submerged in a methylam-
moinium iodide solution, converting it to methylammonium lead io-
dide perovskite. Photographs of the films after each stage are shown
beneath the respective diagrams.

dide and then to the desired perovskite material, namely methylammonium lead

iodide (CH3NH3PbI3). For the fabrication of solar cells, P3HT was spin-coated

on top of the perovskite film as a hole transport layer, and gold electrodes were

evaporated through a mask for charge collection. In contrast to the fabrication

method reported in the literature [294], TiO2-coated substrates were used with

a view to forming an electron-extraction layer in a solar cell architecture. The

compact TiO2 layer was deposited on FTO-coated glass substrates as described

in chapter 6.

A standard three-electrode setup was used for electrodeposition. A platinum

foil counter electrode and saturated calomel reference electrode were used, with

the TiO2-coated FTO substrate as the working electrode. The electrodeposition

bath consisted of equal parts of 0.1M aqueous sodium acetate and aqueous lead

acetate, of which di↵erent concentrations were investigated. A representative
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cyclic voltammogram for lead dioxide deposition is shown in figure 7.12, in this

case using 2mM lead acetate. Potentiostatic deposition at + 1.2V vs SCE gave a

uniform orange/brown film, identified as lead dioxide (see Results and Discussion

section). The lead dioxide film was then converted to lead iodide, before further

conversion to the desired perovskite film CH3NH3PbI3. A variety of iodination

and intercalation techniques were tested, and these are also discussed further in

the Results and Discussion section.

Figure 7.12: Cyclic voltammogram for lead dioxide deposition from equal parts
0.1M aqueous sodium acetate and 2mM lead acetate. The scan
started at + 1.7V vs. SCE, and scanned to �1.7V and back at
10mV/s. Inset shows a current-time trace for potentiostatic depo-
sition at + 1.2V vs SCE.

Iodination required either iodine crystals or hydroiodic acid, both of which

were simply purchased from Sigma Aldrich. However, intercalation of the lead io-

dide with the organic moiety to yield perovskite films required methylammonium

iodide, which was synthesised in the laboratory using the following procedure.

First, absolute ethanol was placed in a sealed round-bottomed flask and bubbled

with nitrogen for an hour to remove oxygen. Next, 24ml of 35% methylamine

in absolute ethanol was injected into the ethanol, followed by 10ml hydroiodic

acid (without added stabilisers) injected slowly over the course of ⇠10 minutes.

The ethanol solution was stirred throughout by magnetic stirrer bars, and left

stirring and purging with nitrogen for an hour after injection. This should pro-

duce methylammonium lead iodide in the ethanol solution, which needs to be
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extracted and purified. The flask containing the methylammonium iodide so-

lution was attached to a rotary evaporator and partially submerged in a water

bath set at 40�C. The ethanol slowly evaporated to leave crystals of methylam-

monium iodide in the round-bottomed flask . This was repeatedly rinsed with

diethyl ether and filtered, until plain white crystals were obtained. Finally, the

methylammonium iodide crystals were dissolved in anyhdrous ethanol at 100�C

and left to re-crystallise overnight in the freezer.

To complete the solar cell devices, 30mg/ml P3HT was spin-coated from

ortho-dichlorobenzene at 1500 rpm for 45 s. Finally, 80 nm thick gold electrodes

were thermally evaporated onto the device through a mask defining pixels.

7.2.3 Results and Discussion

Initial Fabrication and Photovoltaic Performance

First, identification of each intermediate material in the fabrication route was

established. XRD spectra taken of the orange/brown films initially obtained

from electrodeposition confirmed identification as lead dioxide (see figure 7.13).

However, varying the lead acetate concentration in the electrodeposition bath

yielded di↵erent phases of lead dioxide, namely orthorhombic (also known as

-PbO2) or rutile ( -PbO2) phases at high and low lead acetate concentrations

respectively. Note that the deposition of lead dioxide di↵ers from the deposition

of lead oxide reported by Dwivedi et al. [294], despite identical electrodeposition

conditions. This suggests a large influence from the substrate on deposition,

since the only di↵erence here is the spin-coated TiO2 substrate compared to their

ITO-coated glass substrate.

Cross-sectional SEM images and AFM scans were taken of the lead dioxide

films to assess film morphology and thickness in relation to electrodeposition

conditions. All films were deposited at + 1.2V vs SCE, until 120mC of charge

had been transferred. Varying lead acetate concentrations demonstrated clear

morphological di↵erences between orthorhombic and rutile phase lead dioxide,

as shown in figure 7.14. Beneath lead acetate concentrations of around 0.02M,

highly anisotropic, needle-like structures of -PbO2 form, with average height

deviation (Ra) reaching hundreds of nanometres. Above 0.02M lead acetate,

the morphology shifts to smooth, globular films of -PbO2 with average height
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Figure 7.13: a) XRD spectra of lead dioxide films deposited at low (0.002M,
black) and high (0.05M, red) lead acetate concentrations. The two
di↵erent concentrations yield apparently pure films of two di↵er-
ent crystalline phases of lead dioxide, namely rutile ( -PbO2) for
0.002M, and orthorhombic ( -PbO2) for 0.05M [295, 296]. The
peaks labeled with an asterisk correspond to the FTO/TiO2 sub-
strate. b) The di↵erent PbO2 phases are presented schematically,
reproduced from Li et al. [297].

deviation consistently around 20 nm. Since one of the main goals of this project

was to fabricate perovskite films of controlled morphology, -PbO2 films were

chosen for all further investigation as smooth films seem to be more controllable

and desirable.

Compact films of lead dioxide were deposited from 0.05M lead acetate with

di↵erent values of total charge consumed during the deposition. Cross-sectional

SEM images showed that the film thickness increased roughly linearly with the

charge density of deposition, as shown in figure 7.14. The line of best fit doesn’t

quite pass through the origin, but this could be due to, for example, quicker initial

film growth. Films are likely to start growing out from nucleation sites, making

very thin films patchy and their thicknesses ill-defined. Measuring very thin film

thicknesses is not suited to cross-sectional SEM analysis.

With compact films of relatively smooth, thickness-controllable PbO2 attain-
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Figure 7.14: a) Average height deviation at the surface of lead dioxide films for
di↵erent lead acetate concentrations, as measured by AFM. SEM
images show the di↵erent morphologies obtained at low and high
lead acetate concentrations, with a cross-sectional image of an inter-
mediate film. b) The relationship between the thickness of electrode-
posited -PbO2 film and the density of charge consumed during its
deposition. Data points represent the mean thickness measured by
cross-sectional SEM analysis across di↵erent points on the relevant
films, with error bars showing the standard deviation of thicknesses
measured.
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able, iodination to lead iodide was investigated. Following Dwivedi et al. [294],

this was first attempted by holding the lead dioxide films above hydroiodic acid,

heated to 90�C , as shown in figure 7.11. After several minutes, the film had

turned from its initial orange/brown colour to a vivid yellow. XRD measure-

ments taken on the resultant film confirmed its identity as lead iodide, as shown

in figure 7.16. Almost all peaks correspond to hexagonal PbI2, although small

peaks around 23� and 68� suggest a minority presence of some other PbI2 phase.

The main additional peak at 23� has been observed previously in lead iodide

films spin-coated onto TiO2 [298]. Importantly, none of the lead dioxide peaks

are visible in the XRD spectrum taken after iodination, implying full conversion

to lead iodide. However, the iodination process was not well-controlled, as iodi-

nation (as judged from the colour change) took variable amounts of time, from

seconds to minutes. Additionally, condensation from the hydroiodic acid formed

on the film during iodination, which was prone to removing the iodinised film.

SEM analysis also revealed a wide range of lead iodide morphologies, as shown

in figure 7.15. These ranged from apparently compact films with roughness, Ra,

around 75 nm to films with increasingly evident crystallite grain morphology. As

these grains become more clearly defined, pinholes in the film also grow, revealing

the FTO/TiO2 substrate beneath. Eventually, very large scale crystalline areas

emerge. It is assumed that the morphology proceeds through this range of mor-

phologies as iodination continues, but the di�culty in controlling the procedure

and the di↵erences in observable iodination rates makes this di�cult to verfiy.

XRD measurements seem to routinely show complete conversion from lead diox-

ide to lead iodide, suggesting that iodination can be halted at the compact film

stage without leaving un-converted lead dioxide.

Finally, lead iodide films were converted to methylammonium lead iodide

perovskite films by submerging in methylammonium iodide solution. The methy-

lammonium iodide was synthesised as described in the experimental section, and

dissolved at 10mg/ml in isopropyl alcohol, all maintained in an argon atmo-

sphere. The bright yellow lead iodide films changed colour to dark black very

quickly upon submersion. XRD measurements confirmed the presence of methy-

lammonium lead iodide perovskite as desired, although some lead iodide peaks

were also present, indicating incomplete conversion (see figure 7.16). No thermal

annealing step was required to form the black perovskite film.
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Figure 7.15: A variety of PbI2 morphologies were observed after iodination of
the PbO2 films with hydroiodic acid. These range from relatively
smooth, compact films (a) to increasingly granular films (b), (c) and
eventually highly anisotropic, crystalline films with large (⇠ 10 m)
pinholes. It is assumed that this progression proceeds with increas-
ing iodination, but this is not knwon for sure.

With CH3NH3PbI3 obtained, P3HT was spincoated on top and finally gold

contacts evaporated to enable measurement of photovoltaic performance. The

JV and EQE traces measured for this device are shown in figure 7.17. A power

conversion e�ciency of 1.2% was recorded, with a low fill factor of 29% playing

a large role in reducing the e�ciency. The external quantum e�ciency was also

recorded, with a spectral profile matching the perovskite absorption spectrum
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Figure 7.16: XRD spectra for each step of the fabrication route, namely -PbO2

(black), PbI2 (blue) and CH3NH3 (red). Peaks are labeled with
asterisks (for FTO/TiO2; referenced from blank substrate spec-
trum), black squares ( -PbO2; from [295]), blue dots (hexagonal
PbI2; from [299]), and red triangles (CH3NH3PbI3; with reference
to Baikie et al. [300]). All of the main peaks for hexagonal lead
iodide are present [299], and none of the PbO2 peaks remain for the
PbI2 film. The perovskite film exhibits all CH3NH3PbI3 peaks [300],
confirming successful fabrication, although PbI2 peaks indicate that
the film has not been completely converted.

and previously reported devices [81]. Given the lack of optimisation, the mea-

sured performance is encouraging for the potential of devices fabricated using this

electrodeposition method.

Further Investigation of the Fabrication Technique

There are a number of avenues to explore further with regard to improving the

power conversion e�ciency of such devices. The first should be achieving complete
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Figure 7.17: a) JV curve and b) external quantum e�ciency for prototype
CH3NH3PbI3 solar cell fabricated via electrodeposition. A power
conversion e�ceincy of 1.2% was recorded. The cell su↵ers in par-
ticular from poor fill factor.

conversion from lead iodide to perovskite, followed by optimisation of the lead

iodide and perovskite morphologies.

Initially, lead iodide films were submerged in methylammonium iodide in iso-

propanol for 20 s to convert to the perovskite. This follows previously reported

treatments [298] and corresponded with the immediate change in film colour by

eye. However, given the incomplete conversion, intercalation over a period of five

hours was attempted. Previous reports have suggested that CH3NH3PbI3 does

not degrade in such solutions of methylammonium iodide in isopropanol [301], so

substantially increasing the submersion time was not expected to pose a problem.

Additionally, vapour-assisted solution processing (‘VASP’ [302]) was investigated,

using vapour-phase methylammonium iodide rather than dissolved methylammo-

nium iodide to intercalate the organic moiety into the lead iodide film. For this,

methylammonium iodide crystals were placed around the sample bearing the lead

iodide film and heated to 150 �C for two hours in a nitrogen atmosphere.

The XRD spectra of the resultant perovskite films are shown in figure 7.18.

The signals recorded from the three films have been normalised to the main

perovskite peak at 14.1� for comparison. These spectra appear to demonstrate

improved, but still incomplete, conversion for longer solution-phase intercala-

tion treatment, and almost complete conversion with vapour-phase intercalation.

The lead iodide film treated with solution-phase methylammonium iodide for five
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hours has weaker PbI2 peaks at 12.7�, 26.0� and 34.4� than the film treated for

20 s, but stronger PbI2 peaks at 39.6� and 41.8� (there doesn’t appear to be much

di↵erence between the peaks beyond 45�, but these have very low signals any-

way). The increase in some peaks and decrease in others perhaps results from

di↵erent crystal orientations in the original PbI2 films, but given the assump-

tion that CH3NH3PbI3 doesn’t degrade in solution [301], the variation in PbI2
presence with intercalation time suggests that longer submersion times lead to

more complete conversion, although it is not known if complete conversion would

ever be achieved. In any case, vapour-phase intercalation seems to yield close

to complete conversion, apparent from the very small PbI2 signal present in the

perovskite spectrum.

Figure 7.18: Comparison of XRD spectra for perovskite films converted from pure
PbI2 by submersion in 10mg/ml methylammonium iodide in iso-
propanol for 20 seconds (black line) or 5 hours (red line).

An additional di↵erence between the vapour- and solution-phase intercalation
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treatments is the nature of the perovskite peaks observed at 28.6� and 32.2�, which

appear as doublets in the solution-treated films but singlets in the vapour-treated

films. Although this could signal presence of the cubic, rather than tetragonal,

phase in the vapour-treated films, the peak at 23.7� would seem to rule this out

[300]. Additionally, the cubic phase has previously been observed at temperatures

above the (reversible) transition range of ⇠ 54 – 57�C [300, 303–305]. Instead, it

might be due to better peak resolution in the solution-treated films, whether due

to larger crystallite size [306,307] or simply measurement conditions.

Alternative methods of iodinisation were also explored in an attempt to better

control the morphology of the lead iodide films. First, the hydroiodic acid was

heated to di↵erent temperatures during iodinisation, with higher temperatures

leading to quicker iodinisation times. XRD analysis showed virtually identical

spectra for all iodinsation temperatures, but AFM detected no simple correspon-

dence between temperature and surface morphology, with roughness, Ra, varying

between 70 and 300 nm. As well as iodinisation via exposure to hydroiodic acid

fumes, lead dioxide films can be iodinised simply through exposure to the vapour

from heated iodine crystals. This avoids problems with condensation forming on

the film during iodinisation, but can instead lead to formation of iodine crystals

on the surface of the film (although these can be removed afterwards by heat-

ing). Although the films change colour, they are not as bright yellow by eye as

films iodinised with hydroiodic acid, and XRD spectra of the films show markedly

weaker PbI2 peaks compared to the substrate peaks (although the lack of PbO2

peaks again indicates complete conversion; see figure 7.19(c)). The morphology

of the resultant lead iodide films does seem a↵ected by the iodinsation technique

too, with SEM images showing smaller, more ‘angular’ features for iodine-treated

compared to hydroioidic acid-treated films (figure 7.19(a) and (b) respectively),

and AFM measuring smoother films with Ra ⇠ 40 nm rather than 75 nm and

above. Figure 7.19(d) also shows the perovskite morphology formed after iodin-

isation with hydroiodic acid and intercalation with vapour-phase methylammo-

nium iodide, probably the optimal fabrication technique used so far. The surface

roughness of the perovskite film was measured to be Ra ⇠ 70 nm.

Using vapour-phase intercalation to obtain almost complete conversion of lead

iodide to CH3NH3PbI3 perovskite should allow signifcant enhancement of solar

cell performance. Additionally, there seems resaonable scope to investigate di↵er-

156



Figure 7.19: Lead iodide morphologies after (a) hydroiodic acid and (b) iodine
vapour iodinisation, with comparative XRD spectra of the two films
(c). Figure (d) shows perovskite film morphology fabricated with
the assumed ‘optimal’ methods of iodinisation with hydroiodic acid
followed by vapour-phase methylammonium iodide intercalation.

ent iodinsation routes to optimise film morphology. Optimisation of other simple

parameters such as perovskite thickness, the hole transport layer chosen and hole

transport layer thickness could also quickly improve performance. However, this

project was not continued further due to time constraints, and in the meantime

several publications have reported similar results, with power conversion e�cien-

cies up to 14.6% [308–310]. In all cases, electrodeposition of lead oxide was

used followed by conversion to CH3NH3PbI3 films. However, variation within

these methods demonstrate the versatility of the technique, with di↵erent lead

oxide films (PbO or PbO2), electron-collecting layers (compact or mesoporous

TiO2) and hole-collecting layers (spiro-MeOTAD or carbon paste) used. In par-

ticular, iodinsation methods ranged from exposure to heated iodine crystals, to
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submersion in hydroiodic acid in ethanol, to direct conversion from lead oxide

to perovksite by annealing with a spin-coated methylammonium iodide layer di-

rectly above the lead oxide [310]. This solid-phase intercalation method, as well

as liquid-phase intercalation, was used for conversion to perovskite, but never

vapour-phase intercalation. Despite this variation in fabrication routes, reported

power conversion e�ciencies were above 8% in all cases.
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Chapter 8

Conclusions and Future Work

This thesis investigated electrodeposition as a fabrication method for organic and

perovskite solar cells. The main project used templated electropolymerisation to

produce organic solar cells with well-defined, periodic donor:acceptor nanostruc-

ture. Specifically, microphase separation in diblock copolymer blends was used

to generate double gyroid structured templates with ⇠ 40 nm unit cell size. Func-

tioning devices with such well-defined, regular nanostructure could facilitate fur-

ther investigation of the underlying working principles in organic heterojunctions,

for example with transient absorption experiments, and highly-performing devices

would provide motivation for the development of gyroid-forming donor:acceptor

diblock copolymers. Experimentation with electropolymerisation techniques and

solvent processing led to the reliable fabrication of relatively smooth, uniform

thickness gyroid-structured polythiophene films. Backfilling these films with the

fullerene acceptor ICBA and coating with evaporated electrodes gave function-

ing photovoltaic devices, with a maximum observed power conversion e�ciency

of 0.06%. This is lower than conventional spin-coated organic solar cells, whose

e�ciencies can reach 5 – 10%.

Reasonable exciton generation and dissociation in the gyroid-structured de-

vices are implied by both e�cient photoluminescence quenching upon addition

of the ICBA acceptor and transient absorption measurements. This suggests

that charge extraction rather than generation is the limiting factor for photo-

voltaic performance. Indeed, absorption spectrum measurements indicate that

the gyroid-structured polythiophene exhibits significantly shorter conjugation
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lengths than polythiophene electropolymerised without a template. Short conju-

gation lengths have previously been associated with poor molecular ordering and

inferior charge mobility [51, 55, 126]. However, poor charge extraction may not

necessarily be caused by poor free charge mobility; other potential causes include

strongly bound polaron pairs across the donor:acceptor interface, trap sites in

the organic film or extraction barriers at the electrode contacts. Experiments

involving pump-push-probe transient absorption measurements [243] or current-

voltage measurements under varying illumination intensities [311] are examples of

further work that could elucidate the processes limiting charge transport and/or

extraction.

Importantly, short conjugation lengths are not necessarily inherent to the

gyroid-structure, as they could simply result from the templated electropoly-

merisation procedure. Various potentially important electropolymerisation pa-

rameters were varied to investigate their e↵ect upon conjugation, both with and

without templates. Deposition technique and voltage appeared to have a sig-

nificant e↵ect on conjugation for untemplated electropolymerisation, and bilayer

devices fabricated under the optimised conditions achieved power conversion e�-

ciencies of up to 1.49%, close to the maximum previously reported value of 1.5%

for electropolymerised bilayer devices. In contrast, little e↵ect was observed from

varying conditions for templated deposition. However, investigation of the full

range of electropolymerisation parameters has certainly not been exhausted. In

particular, substituted thiophene monomers beyond 3-methylthiophene could be

tested. One obvious area for further work would be to investigate how conjuga-

tion varies with the unit cell size of the gyroid template. The work in this thesis

was conducted with a constant unit cell size, but altering the molecular weight

of the diblock copolymer changes this lengthscale (the increase in required an-

nealing temperature with molecular weight places an upper limit on the unit cell

size attainable given the decomposition temperatures of the diblock copolymers).

There is a limit to how much you can enlarge the unit cell before recombination

losses would become too great, however.

Additional projects included examination of electrochemical techniques for the

fabrication of perovskite solar cells. Initial investigations into electrodeposition of

lead oxide for in situ conversion to lead halide perovskite demonstrated the fea-

sibility of this material conversion, and reasonable photovoltaic performance sug-
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gests potential for fabrication of highly-performing devices. This has since been

confirmed with recently published similar work [308–310]. This could be useful as

an alternative fabrication method for large-scale solar panels or for avoiding the

use of toxic solvents. However, the significant morphological changes occuring

between iodinisation and intercalation steps suggest that templated electrodepo-

sition would not be able to produce precisely-controlled perovskite morphologies,

as had also been intended. Additionally, PEDOT films were electropolymerised

onto alternating interdigitated ITO electrodes for the fabrication of back-contact

spin-coated perovskite solar cells. Again, functioning devices were obtained, but

with low power conversion e�ciencies. Photocurrent mapping suggests one issue

could be limited charge extraction at the PEDOT-coated electrodes, which could

be investigated further by varying the PEDOT doping level and investigating

subsequent photovoltaic performance. Recently, back-contact perovskite devices

with 3.2% e�ciency have been developed using nickel oxide as the hole extraction

layer [274].

In conclusion, templated electrodeposition allows fabrication of macroscopic

films with precise nanostructure. In particular, gyroid-structured organic solar

cells were successfully fabricated using diblock copolymer templates and elec-

tropolymerisation, followed by solvent processing. However, templated elec-

tropolymerisation appeared to produce polymer films with short conjugation

lengths and poor molecular order. This could explain the poor photovoltaic

performance of the obtained gyroid-structured solar cells despite their reasonable

excitonic generation and dissociation, as demonstrated by e�cient photolumin-

escence quenching and transient absorption measurements.
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Glossary

AFM Atomic force microscopy

Bmim 1-Butyl-3-methylimidazolium

CV Cyclic voltammetry

Emim 1-Ethyl-3-methylimidazolium

EtSO4 Ethyl sulphate

EQE External quantum e�ciency

GSB Ground-state bleaching

HOMO Highest occupied molecular orbital

ICBA Indene-C60 bis-adduct

JSC Short-circuit current

LUMO Lowest unoccupied molecular orbital

OPV Organic photovoltaics

PCBM Phenyl-C61-butyric acid methyl ester
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PEDOT Poly(3,4-ethylenedioxythiophene)

PFS Poly(4-fluorostyrene-r -styrene)

PIA Photoinduced absorption

PLA Polylactic acid

PLQE Photoluminescence quantum e�ciency

PR-TRMC Pulse-radiolysis time-resolved microwave conductivity

PBT Polybithiophene

P3HT Poly-3-hexylthiophene

P3MT Poly-3-methylthiophene

SE Stimulated emission

SCE Saturated calomel electrode

SEM Scanning electron microscopy

TFE 2,2,2-Trifluoroethanol

TFSI bis(trifluoromethylsulfonyl)imide

VOC Open-circuit voltage

XRD X-Ray di↵ractometry

164



References

[1] British Petroleum. BP Statistical Review of World Energy June 2015. Tech-

nical report, British Petroleum (2015) 1, 2

[2] Intergovernmental Panel on Climate Change. Fifth Assessment Report:

Summary for Policymakers (2014) 1

[3] The Royal Society. Climate change: a summary of the science (2010) 1

[4] United Nations Framework Convention on Climate Change Parties. The

Paris Agreement (2015) 1

[5] UK Parliament. Climate Change Act 2008 (2008) 1

[6] HM Government. The UK Low Carbon Transition Plan (2009) 1

[7] HM Government Department of Energy & Climate Change. UK Renewable

Energy Roadmap (2011) 1

[8] United Nations Development Program. Human Development Report 2015

(2015) 2

[9] The World Bank. Energy Use Data (2012) 2

[10] D.J.C. MacKay. Sustainable Energy - Without the Hot Air, (UIT Cam-

bridge, 2008) 2

[11] C. Keeling and T. Whorf. Atmospheric CO2 records from sites in the SIO

air sampling network. In: Trends: A Compendium of Data on Climate

Change, (US Department of Energy, 2005) 2

165



[12] A. Neftel, H. Friedli, E. Moor, H. Lötscher, H. Oeschger, U. Siegenthaler

and B. Stau↵er. Historical CO2 record from the Siple station ice core. In:

Trends: A Compendium of Data on Climate Change, (US Department of

Energy, 1994) 2

[13] D. Etheridge, L. Steele, R. Langenfelds, R. Francey, J.-M. Barnola and

V. Morgan. Historical CO2 records from the Law Dome DE08, DE08-2, and

DSS ice cores. In: Trends: A Compendium of Data on Climate Change,

(US Department of Energy, 1994) 2

[14] J. Marshall and R.A. Plumb. Atmosphere, Ocean and Climate Dynamics,

(Academic Press,2007) 2

[15] Heliatek GmbH. http://www.heliatek.com/en/heliafilm/technical-data

(2016) 2, 3, 7

[16] G. Dennler and N.S. Saraciftci. Flexible Conjugated Polymer-Based Plastic

Solar Cells: From Basics to Applications. Thin Solid Films, (2005) 3

[17] M.A. Green, A. Ho-Baillie and H.J. Snaith. The emergence of perovskite

solar cells. Nature Photonics, (2014): 506–514 3

[18] M. Kaltenbrunner, G. Adam, E.D. G lowacki, M. Drack, R. Schwödiauer,

L. Leonat, D.H. Apaydin, H. Groiss, M.C. Scharber, M.S. White, N.S.

Saraciftci and S. Bauer. Flexible high power-per-weight perovskite solar cells

with chromium oxidemetal contacts for improved stability in air. Nature

Materials, 14 (2015): 1032–1039 3

[19] G. Dennler and C.J. Brabec. Organic Photovoltaics, (Wiley, 2009), chapter

20 - Socio-Economic Impact of Low-Cost PV Technologies 3

[20] National Renewable Energy Laboratory. NREL Research Cell E�ciency

Records Chart 3, 4, 20, 126

[21] K. Lee, J.Y. Kim, S.H. Park, S.H. Kim, S. Cho and A.J. Heeger. Air-Stable

Polymer Electronic Devices. Advanced Materials, 19 (2007): 2445–2449 3

166



[22] G. Dennler, C. Lungenschmied, H. Neugebauer, N.S. Sariciftci

and A. Labouret. Flexible, conjugated polymer-fullerene-based bulk-

heterojunction solar cells: Basics, encapsulation, and integration. Journal

of Material Research, 20 (2005): 3224–3233 3

[23] L. Moro, N. Rutherford, R.J. Visser, J.A. Hauch, C. Klepek, P. Denk,

P. Schilinsky and C.J. Brabec. Barix multilayer barrier technology for or-

ganic solar cells. Proceedings of SPIE, 6334 (2006) 3

[24] S.A. Gevorgyan, M.V. Madsen, H.F. Dam, M. Jørgensen, C.J. Fell, K.F.

Anderson, B.C. Duck, A. Meschelo↵, E.A. Katz, A. Elschner, R. Roesch,

H. Hoppe, M. Hermenau, M. Riede and F.C. Krebs. Interlaboratory outdoor

stability studies of flexible roll-to-roll coated organic photovoltaic modules:

Stability over 10,000 h. Solar Energy Materials & Solar Cells, 116 (2013):

187–196 3

[25] W. Shockley and H.J. Queisser. . Journal of Applied Physics, 32 (1961) 4

[26] D. Kearns and M. Calvin. Photovoltaic E↵ect and Photoconductivity in

Laminated Organic Systems. Journal of Chemical Physics, 29 (1958): 950–

951 3

[27] C.W. Tang. Two-layer organic photovoltaic cell. Applied Physics Letters,

48 (1986): 183–185 3, 18

[28] J.J.M. Halls, C.A. Walsh, N.C. Greenham, E.A. Marseglia, R.H. Friend,

S.C. Moratti and A.B. Holmes. E�cient photodiodes from interpenetrating

polymer networks. Nature, 376 (1995): 498–500 4

[29] G. Yu, J. Gao, J.C. Hummelen, F. Wudl and A.J. Heeger. Polymer Pho-

tovoltaic Cells: Enhanced E�ciencies via a Network of Internal Donor-

Acceptor Heterojunctions. Science, 270 (1995): 1789–1791 4, 18

[30] Y. Huang, E.J. Kramer, A.J. Heeger and G.C. Bazan. Bulk Heterojunc-

tion Solar Cells: Morphology and Performance Relationships. Chemical

Reviews, 114 (2014): 7006–7043 4, 68, 69

167



[31] M.T. Dang, L. Hirsch and G. Wantz. P3HT:PCBM, Best Seller in Polymer

Photovoltaic Research. Advanced Materials, 23 (2011): 3597–3602 4, 68,

95, 116, 117

[32] J. Zhao, Y. Li, G. Yang, J. Jiang, H. Lin, H. Ade, W. Ma and H. Yan.

E�cient organic solar cells processed from hydrocarbon solvents. Nature

Energy, 1 (2016): 15027 4

[33] S.-Y. Ku, M.A. Brady, N.D. Treat, J.E. Cochran, M.J. Robb, E.J. Kramer,

M.L. Chabinyc and C.J. Hawker. A Modular Strategy for Fully Conjugated

Donor-Acceptor Block Copolymers. Journal of the American Chemical So-

ciety, 134 (2012): 16040–16046 5

[34] U. Scherf, S. Adamczyk, A. Gutacker and N. Koenen. All-Conjugated, Rod-

Rod Block Copolymers – Generation and Self-Assembly Properties. Macro-

molecular Rapid Communications, 30 (2009): 1059–1065 5, 19

[35] C. Guo, Y.-H. Lin, M.D. Witman, K.A. Smith, C. Wang, A. Hexemer,

J. Strzalka, E.D. Gomez and R. Verduzco. Conjugated Block Copoly-

mer Photovoltaics with near 3% E�ciency through Microphase Separation.

Nano Letters, 13 (2013): 2957–2963 5, 18, 19

[36] E. van Kerschaver and G. Beaucarne. Back-contact solar cells: A review.

Progress in Photovoltaics Research and Applications, 14 (2006): 107–123

5, 127

[37] R.G.E. Kimber, A.B. Walker, G.E. Schröder-Turk and D.J. Cleaver. Bi-
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