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Abstract

At the most basic level, a photovoltaic needs to convert solar power to electrical
power. Therefore, the processes which result in electrons reaching the external cir-
cuit must out-compete the losses. I address this balance in organic photovoltaics,

using a range of experimental techniques and test systems.

In Chapter 4, I consider the fundamental limits to solar cell efficiency using
detailed balance. I use the voltage loss due to non-radiative recombination as a
metric to quantify how close a set of polymer:fullerene blend devices approach the
radiative limit, using an indacenodithiophene-co-benzothiadiazole (CyCg-IDTBT)
polymer. In particular, I examine the effect of C;Cg-IDTBT fractionation on
the non-radiative recombination, and find that devices made from high molecular
weight (MW) polymer exhibit reduced non-radiative recombination losses relative

to the non-fractionated polymer.

I also probe the effect of polymer MW in Chapters 5 and 6, using a different
polymer, a thienothiophene-diketopyrrolopyrrole (DPP-TT-T). In Chapter 5, I
find that devices made from high MW DPP-TT-T out-perform devices made from
low MW DPP-TT-T, particularly the short-circuit current. While I find some
differences in electronic quality, the most striking difference between the polymer
fractions is the light absorption: high MW DPP-TT-T absorbs light more strongly
than low MW DPP-TT-T. Furthermore, the extinction coefficient maximum of
high MW DPP-TT-T is about 50% greater than any conjugated polymer we had
measured previously.

In Chapter 6, I explore the causes of this high optical absorption. We find
that calculated persistence length can be a good predictor of optical absorption

strength: polymers with high calculated persistence length, or high linearity, ex-

hibit stronger absorption. We also find that high MW DPP-TT-T has a greater
proportion of linear chain segments than low MW DPP-TT-T, and that this is

the likely cause of the greater extinction coefficient.

Chapter 7 treats the mechanism of charge separation by using two modified

fullerenes with different electron affinities to probe the energetic offset required

il



v

between the polymer and the acceptor for efficient free charge generation from
polymer excitons. We find that, when there is very little energetic offset, the
polymer excitons are unable to dissociate, and subsequent charge generation is
inefficient. However, when the energetic offset between the polymer and acceptor
LUMO levels is increased, the efficiency of polymer exciton dissociation is increased
and there is significant charge generation.

Overall therefore, I have examined how charge generation, from light absorp-
tion to subsequent free charge generation, and recombination, particularly non-

geminate recombination in the bulk, affect solar cell performance.
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Chapter 1

Motivation

1.1 Why solar?

The world’s population is approaching 7.5 billion and rising at a rate of about
1% per year [1]. Furthermore, about one in five people do not have access to reli-
able electricity [2]. Demand for electricity in 2012 was 21.6 trillion kilowatthours
(kWh), and predicted to rise to 36.5 trillion kWh by 2040, driven mostly by de-
mand in developing countries [3]. Electricity is relatively easy to decarbonise,
which is another driver to increase the role of electricity in the energy system; an
example of this is the rising prevalence of electric vehicles [4].

Historically, the majority of the world’s energy consumption has been supplied
by fossil fuels which are burned to release carbon dioxide, a greenhouse gas (GHG),
into the atmosphere. The resultant global warming has slowly become an issue of
international political significance, with the signing of the COP 21 agreement in
Paris marking a landmark international consensus for governments to address their
greenhouse gas outputs. Furthermore, fossil fuels are an inherently unsustainable
resource with global reserves being steadily depleted.

Therefore there has been an ever-increasing emphasis on low-carbon energy
technologies; that is, energy technologies which overall result in zero carbon dioxide
emissions. It has been estimated that the global annual solar potential, or the
potential amount of solar energy which could be used by humans, is approximately
440 PWh - 13.9 EWh per year [5]. Therefore harnessing the sun’s energy is an
obvious way to tackle the energy crisis. Recent developments have seen the cost
of the most prevalent solar cells, those made from silicon, reach grid parity in
some countries and markets. The uptake of solar is greatly influenced by factors
such as governmental policy; for example, subsidies such as feed-in tariffs and

net metering incentivise individual homeowners to install solar panels. This all
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Figure 1.1: Global solar resource map, showing the global horizontal irradiance (GHI),
defined as the total amount of solar energy incident on a horizontal surface. Map

reproduced with permission from Solargis [7].

has resulted in accelerating global solar installation, with installed solar electric
capacity reaching 227 GW in 2015 [6].

The electrification of the developing world, much of which receives a high an-
nual solar flux (see Figure 1.1), is also a powerful driver for the development of
solar technologies. Solar cells are modular and thus are scaleable; they are suit-
able for individual households as well as for utility-scale power production. This
modularity also means that it is suitable for areas without enough infrastructure
to support, for example, traditional fossil fuel generated electricity distribution.
A simple example is the replacement of kerosene lamps with solar lanterns, which

provide immediate financial and health benefits [6, §].

1.2 Why organic photovoltaics?

The above discussion focussed on the case of silicon photovoltaics, which are rigid
and heavy and therefore not suited to every application. Furthermore, the man-
ufacture of crystalline silicon involves temperatures of 1800 °C, and is therefore
very energy intensive. So there has been a shift towards development of thin-film
solar technologies, where active layers are often mere microns thick so are therefore
much lighter and can be flexible. These thin-film technologies can be categorised
according to whether the absorbing layer is inorganic, organic, or a hybrid of the

two.
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The advantage of organic photovoltaics (OPV) over the other technologies lies
in considering another aspect of the environmental impact of solar cell production:
the abundance of the raw materials [9]. Many inorganic and hybrid solar cells
use heavy elements such as cadmium, which has an earth crust abundance of
approximately 0.1- 0.2 ppm [10]. Furthermore, these heavy elements are toxic and
so raise concerns about the overall life cycle environmental impact. Therefore it
is difficult to defend these technologies as the basis of a large increase in global
solar energy production.

OPV, on the other hand, relies on earth-abundant and non-toxic elements,
such as carbon, oxygen, nitrogen and sulphur, to constitute the absorbing layer
of the solar cell. The materials used in OPV can be small molecules or polymers,
or a mixture of the two. The inherent flexibility and plasticity of polymers means
that plastics are very robust, and have therefore attracted much of the focus of the
OPV community. In order to capitalise on these advantages, a large proportion of
the research in OPV has been on solution-processed devices; the ability to coat the
absorber on flexible substrates facilitates roll-to-roll printing or coating processes
[11], in which an ink of the material(s) dissolved in a solvent is coated onto flexible
substrates in a continuous manner. This ability therefore opens up the possibility
of the production of large area solar cells with low energy input.

While OPV may not replace silicon solar cells in utility-scale solar power plants,
there is certainly an opportunity for applications which are not otherwise possi-
ble. For example, with OPV the integration of solar cells into flexible electronics
is possible. Another key application is building-integrated solar [12]; here the
inherent tunability of organic molecules provides another advantage: while inor-
ganic materials are limited by the properties of the constituent elements, there
are potentially infinite possibilities for organic design, meaning that the bandgap,
for example, can be tuned to the particular application. An example of this is the
possibility for semi-transparent solar cells for greenhouses [13].

The work in this thesis focusses on solution-processed organic photovoltaic
systems, and unless stated otherwise the devices have been fabricated using the
scaleable bladecoating technique to ensure that the results are as relevant as pos-

sible for future development towards commercialisation.

1.3 Current state and context

The field of organic photovoltaics has seen huge development in recent years.

Figure 1.2 shows how the record efficiencies of each main class of photovoltaics
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Figure 1.2: Certified record power conversion efficiencies of research-scale photo-
voltaics, classified by technology type. OPV is shown in red filled circles. The efficiencies
shown were measured under standard testing conditions: global reference spectrum irra-
diance and 25 °C. This plot is courtesy of the National Renewable Energy Laboratory,
Golden, Colorado USA [14]

has progressed in the last forty years [14]; the figure shows that OPV has been
steadily approaching the efficiency of amorphous silicon solar cells, one of the
oldest thin-film technologies.

The original workhorse of OPV was a blend of the conjugated homopoly-
mer, poly(3-hexylthiophene) (P3HT), with a fullerene, [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM); Sections 2.1 and 2.2 introduce the class of conjugated
polymers. P3HT has a simple synthetic route which requires the polymerisation
of thiophene, a commercially available chemical. However the bandgap of PSHT
is too large to be optimal for the solar spectrum in a simple blend with PCBM
and so lower bandgap materials have been targeted. The principal strategy is to
design so-called push-pull, or donor-acceptor, copolymer monomer units, with two
or more subunits with different electron affinities [15]. This approach is effective
at lowering the bandgap of the material, but the increased length and complexity
of the monomer results in a more complicated and expensive synthesis.

The proliferation of new materials has resulted in many different device struc-
tures breaking power conversion efficiencies of 10% [16-18]; historically most of
the synthetic effort has been on designing new polymers, although recently this
focus has shifted towards new acceptors too [19], as well as all-polymer blend solar

cells [20, 21] and small-molecule solar cells [22-24]. The research in this thesis was
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all done on devices using polymer:fullerene blends as the absorber material, and

so this category is the focus of this discussion.

Although much progress has been made, there is still a long way to go for
OPV to become a mainstream technology. While the record power conversion ef-
ficiencies are now over 10%, these are often for relatively small-scale devices, and
scaling up to sizes appropriate for commercialisation usually results in a decrease
of efficiency. One of the main issues in terms of targeting roll-to-roll solution pro-
cessing is the film thickness: usually OPV devices are optimised for thicknesses
below 100 nm, corresponding to the first interference maximum [25, 26]. Uniform
films of such low thicknesses are difficult to achieve using conventional printing
technologies, and result in a much stricter thickness tolerance. Below the first
interference maximum, the short-circuit current is strongly dependent on thick-
ness, whereas above this maximum, the dependence is much weaker. Furthermore,
inhomogeneities in the film coating can result in pinholes, resulting in the device
being shorted. However, increasing the film thickness requires better carrier col-
lection, which shall be discussed in Section 2.5.3. The work I present in Chapters 4
and 5 addresses the effect of charge collection on device performance. While charge
collection is still a limiting factor, another tactic with respect to increasing the
available photocurrent from the device is to increase the optical absorption prop-
erties of the absorber. In Sections 2.3 and 2.7 I summarise the theory behind
understanding light absorption and propagation in solar cells, while in Chapter 6,
I investigate the optical absorption of polymers, with the aim of proposing design

considerations to increase the extinction of the active layer.

Another limiting factor on OPV efficiencies to date is the large energy losses
needed for efficient charge generation, relative to other solar cell technologies [27,
28]. This is an inherent cost of the type II bulk heterojunction formed from
blending the polymer and fullerene, which appears to be necessary for efficient
charge generation; I shall expand on this is Section 2.5.2. Furthermore the disorder
inherent in these materials can contribute to the energy losses; I will discuss the
sources of disorder in Section 2.4, and the limits to efficiency in Section 2.6. This
background then informs the work done in Chapters 4 and 7, which explore the
energy losses from the perspective of voltage losses, and from the energetics of

charge separation, respectively.

Other aspects of OPV which need addressing, specifically from a commercial-
isation perspective, are the long-term stability and the cost of devices. Encapsu-
lated OPV devices have been shown to have approximately 2-3 years operational

stability [29], although this is dependent on the climate [30]; for reference, silicon



6 1.3. Current state and context

solar cells are typically covered under warranty for 25 years. The precise mech-
anism of OPV degradation can be system-dependent. Some common sources of
degradation are (photo-)chemical degradation, for example from oxygen diffusing
into the device or from photochemical reactions of the materials themselves, or
physical degradation, for example from inter-diffusion of the organic materials [31].
Meanwhile, assessing the cost of devices must take into account the raw materials
as well as the balance of systems [32, 33]. From this perspective, the prevalence
of polymers with increasing complexity is problematic, as is the use of fullerenes.
Fortunately the advent of non-fullerene acceptors is addressing this latter prob-
lem. In addition, the interlayers of OPV devices are often made from expensive
materials, and many cannot be solution-processed. As a result, novel interlayers
and electrodes have been the subject of research [34]. However these topics are

outside the remit of this thesis and I will not be discussing them further.

OPYV record efficiencies are often difficult to reproduce because it is difficult
to define the system. There are many factors which affect reproducibility. Firstly,
polymers, in contrast with small molecules, do not have a precisely defined molec-
ular weight, but instead each batch has its own molecular weight distribution,
which is a function of the polymerisation conditions. And the molecular weight
distribution can profoundly affect the bulk properties of the material, both phys-
ical and optoelectriconic [35]. Therefore it can be difficult to draw conclusions
about chemical structures themselves, since different batches may easily behave

very differently.

Secondly, often the microstructure of the blend film is not at thermodynamic
equilibrium, but is instead kinetically trapped [36]. This means that it can be
strongly affected by factors such as the casting solvent and the temperature. And
again the microstructure can have a profound impact on the film properties, since
the domain sizes of the blend components, as well as the interface between them
and the microstructure of individual domains themselves can be altered. This
factor is also important when considering the long-term stability of OPV devices,
since exposure to sustained solar radiation can heat up the solar cell significantly,
with solar cells in some locations regularly reaching 85 °C [37], which can result
in a possible change in morphology and of device performance. It is also possible
that heat can change the chemical structures of the blend components although

this is less likely.

Finally, OPV devices are composed of many layers of different materials, in
addition to the active blend layer. Therefore the nature of the interfaces between

these composite layers is another important factor which is often not well con-
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trolled. In devices which are completely solution-processed, coating successive
layers requires orthogonal solvents, which is sometimes difficult to achieve com-
pletely, or the chosen orthogonal solvent can have poor wetting characteristics on
the underlying film. Therefore it can be difficult to achieve well-defined interfaces.
Often the back electrode is an evaporated metal, and so the parameters of the
evaporation can affect the quality of the electrode interface, especially considering
that organic materials are very soft. The quality of the interface can affect elec-
trical properties of the overall device, such as the series resistance and the degree
of surface recombination, and so it is important to adequately control [38].

The above points therefore illustrate why it is important to accurately report all
aspects of device fabrication, and to spend time understanding individual systems
in detail, as opposed to focussing entirely on materials development. It is also
clear that simple design rules are inherently difficult to define.

The work in this thesis uses a wide range of experimental techniques to system-
atically probe the factors which can affect device performance in order to ascertain
the pertinent factors in a given system; see Chapter 3 for the methods I have used.
The goal is that, by carefully investigating a set of devices, it maybe be possible
to narrow down differences in device performance to a particular factor, and to
then use this observation to inform further improvements. In general, I have been
focussed on understanding differences in device performance in terms of the com-
petition between charge generation and recombination. To this end, Chapter 4
investigates differences in non-radiative recombination, and therefore collection,
in a set of devices made from polymers of different molecular weights. Mean-
while, Chapter 5 identifies differences in optical absorption and collection as the
source of differences in performance of devices made from a different polymer, also
with different molecular weights. Then Chapter 6 investigates optical absorption
further, attempting to identify aspects of the molecular design which can affect
absorption. On a different tack, but also related to charge generation, Chapter 7
investigates specifically the states formed immediately after light absorption, and
the effect of the energetics of the blend components on the efficiency of free charge

generation.






Chapter 2

Background Theory

Prelude

This chapter deals with the underlying theory involved in the operation of organic
photovoltaics. Firstly, I go over the fundamentals of bond formation, specifi-
cally in semiconducting polymers. Bonding informs electronic structure which
then determines the interaction of the material with light, which is the topic of
Section 2.3. Meanwhile the macrostructure of the active materials in organic pho-
tovoltaic blends has a critical impact on how devices function, so this is dealt with
in Section 2.4. I outline the specifics of how solar cell devices convert solar power
to electrical power in Section 2.5, starting from a macroscopic treatment of the
device physics in Section 2.5.1, and then moving to the microscopic picture of how
free charges are generated (Section 2.5.2) and then transported to the contacts
(Section 2.5.3). In Section 2.6 I consider the theoretical efficiency limits of solar
cells, while the final topic I address in this chapter bis light propagation through

a device in Section 2.7.

2.1 Bonding and the origin of m-conjugation

The first step towards understanding the behaviour of the materials used in organic
photovoltaics is to understand their chemical structure, and the atoms and bonds
which constitute them. Conjugated polymers are a sub-class of polymer which are
semiconducting. The origin of this semiconducting behaviour is in the bonding
structure of the polymers and will be introduced in this section.

Second-row atoms such as carbon, nitrogen, sulphur and oxygen have four
atomic orbitals that are either available for bonding or are already filled: one s

orbital and three p orbitals. s orbitals are spherically symmetric, whereas p or-
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Figure 2.1: s and p atomic orbitals for the case of n = 2, the bonding orbitals of
carbon, nitrogen and oxygen. s orbitals are spherically symmetric, and the 2s orbital

has one node. 2p orbitals each have a nodal plane.

bitals are oriented along the x, y and z axes; the 2s and 2p orbitals are shown
in Figure 2.1. A covalent bond forms when the atomic orbitals of the two atoms
hybridise and form molecular orbitals. For the case of bonding with the four s
and p orbitals, they can be hybridised in three different ways: to form four equal
bonds (sp® hybridisation), three equal bonds plus one unhybridised p orbital (sp?
hybridisation) or two equal bonds plus two unhybridised p orbitals (sp hybridi-
sation). The hybridised bonding orbitals lie pointing along the direction of the
bond, so form a direct overlap. This results in a strong interaction which forms
the molecular orbitals, called o bonds; the in-phase interaction forms the bonding
o orbital, and the out-of-phase interaction forms the antibonding ¢* orbital.
Meanwhile, the unhybridised p orbitals, in the case of sp? hybridisation lie
perpendicular to the bonding plane, resulting in a weaker side-on interaction that
gives rise to a m bonding orbital and corresponding 7* antibonding orbital. The
weaker interaction means that the energy difference between the m and 7* orbitals
is smaller than between the o and o* orbitals, see Figure 2.2 for an illustration. The
directionality of the bonds also results in another important distinction: namely
that o bonds are localised between the bonding nuclei, whereas the electron density
in 7 bonds is above and below the sp? plane. Therefore an individual = bond
is more available to interact with any neighbouring 7 systems; this can lead to
longer range delocalisation within chains or networks of m-bonds or unhybridised
p orbitals which is called conjugation, and forms the basis of electrical conduction

in conjugated polymers.
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Figure 2.2: Diagram showing the formation of molecular orbitals from atomic orbitals,
including the difference between o and 7 bonds. (a) The formation of a o and a =
bond between two identical sp?-hybridised molecules. (b) Energy diagram showing the
formation of bonding and anti-bonding molecular orbitals, for the case of two identical
sp?-hybridised molecules. As in (a), both molecules contribute one sp? electron and one

p electron. Anti-bonding orbitals are indicated by an asterix.
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2.2 Semiconducting Polymers

By definition, a polymer is a very long chain of a repeated smaller unit, called the
monomer. [ts characteristics are determined by, but distinct from, the chemical
structure of the monomer. A conjugated, or semiconducting, polymer is one in
which there is continuous 7 delocalisation, or conjugation, along the polymer
chain. The simplest example of a conjugated polymer is polyacetylene (Figure 2.3).

As can be seen from Figure 2.3, since the polymer can be considered infinite,
there are two equivalent resonant structures available; due to degeneracy, if the
carbon nuclei were fixed in position such that they were evenly spaced along the
chain, there would be a continuous set of energy levels, half of which would be
filled (i.e. bonding) and half of which would be empty (i.e. anti-bonding). The
material would therefore behave like a one-dimensional metal because there would
not be a band gap. However, if the distribution is distorted slightly, so that each
carbon centre is slightly closer to one neighbour and slightly further away from the
other, the loss in symmetry allows for a stronger overlap and interaction between
the molecular orbitals associated with carbon centres that are now closer together.
Conversely, the interaction between the carbon centres that are further apart is
weakened, and the energy levels are no longer continuous, giving rise to an energy
gap in the middle of the distribution. This phenomenon is called the Peierls distor-
tion, and is responsible for the semiconducting behaviour of these materials. The
frontier bonding orbital is called the highest occupied molecular orbital (HOMO)
while the frontier antibonding orbital is called the lowest unoccupied molecular
orbital (LUMO).

The Peierls distortion also brings to light the strong coupling between the spa-
tial arrangement of the atoms and the electronic wavefunctions. This effect in
turn allows semiconducting polymers to be able to accommodate charges more
readily: the energy of an additional charge carrier can be lessened by the spa-
tial arrangement of the atoms adjusting to best accommodate that charge. This
species is called a polaron, encompassing the electronic and phonon modes. A
similar species is an exciton, which is a neutral excitation formed either by the

material absorbing a photon, or through electron injection (and corresponding hole

NN = IS

Figure 2.3: Two resonant structures of polyacetylene, resulting in electron delocalisa-

tion along the 7w system.
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removal) from contacts with appropriate workfunctions. The bandgap of a mate-
rial can be affected by its conformation; the interaction of conjugated polymers
with light will be considered further in Section 2.3.2.

The simplest case of a polymer is when the monomer is a single moiety, such
as a thiophene ring; this kind of polymer is called a homopolymer. However the
properties of polymers can be more finely tuned by designing more complicated
structures. The most common strategy used in polymers for organic photovoltaics
are co-polymers, whereby the monomer unit is composed of at least two moieties.
Commonly for OPV a combination of electron-rich and electron-poor subunits are
chosen, which results in a narrowing of the polymer bandgap; these polymers are

referred to as donor-acceptor co-polymers.

2.3 Electromagnetic Interactions

Interactions with light form the basis of solar cell function. In this section, I
first treat the interaction of light with a general solid, from a classical and then
a quantum perspective. Since the principal light-absorbing species in the organic
photovoltaics I study in this thesis are the polymers, I then briefly discuss the
particular traits of light absorption by conjugated polymers.

2.3.1 Interaction of light with solids

When light impinges on a solid, five processes could occur: the light could be
reflected, transmitted, absorbed, scattered, or stimulate emission; see Figure 2.4.
The probability of these happening depends on the properties of the material; the
degree of reflection, transmission and absorption is determined by the complex
refractive index n = n+ k. Scattering is caused by inhomogeneities in the film or
at the interfaces, and is generally negligible in OPV films. Stimulated emission is
only appreciable if there is a large excited state population, which is not the case

for the regimes encountered in OPV so is also regarded as negligible.

An incoming electric field E, propagating along the r direction can be described
as E(r,t) = Eg[expi(k - r—wt)+expi(k - r+wt)], where Ej is the wave amplitude,
k is the wave vector and w is the angular frequency. The refractive index describes
the reduction of the wavelength in the medium with respect to vacuum, so in the
medium |k| = 277/\ = fw/c. By substituting this and the definition 7 = n + ik

into the expression for E, and considering a plane wave travelling in the z direction,
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Figure 2.4: The possible processes when light hits a solid: (i) refraction, (ii) transmis-

sion, (iii) absorption, (iv) scattering, (v) stimulated emission, (vi) reflection.

we arrive at:

KWz nwz (W2
E =Eqjexp <——) [expz <— — wt) + exp1 <— + wt)
c

- - (2.1)

The intensity of light is proportional to the square of the electric field, so the
intensity I decays in a medium exponentially with decay constant 2kw/c. The
absorption coefficient « is defined using the Beer-Lambert law I = Iyexp(—az),
so we have the relation:

2kw ATk

a:T:T (2.2)

This relation is useful because it is possible experimentally to determine either x
and «, so it is useful to be able to convert between the two. Another important
quantity is the complex dielectric function € = €1 4 icy, where 1 and ¢ are related

through € = n2. Therefore the following relations can be derived:

g1 =n? — K? (2.3)

€9 = 2nK (2.4)

In order to understand how to determine ¢ theoretically, it is necessary first to
understand the fundamentals of the process of absorption. If the interaction of
light with a system is considered a first-order perturbation from the stationary

state, time-dependent perturbation theory can be used to understand the effect.
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The time-dependent Schrodinger equation is:

N o
HY = ih— 2.
ih T (2.5)

To relate optical properties to the electronic wavefunctions, here I assume a two-

level system, such that the total wavefunction can be expressed, using w,, = E,,/h:

U(r,t) = a1(t)(r) exp(—iwit) + as(t)ha(r) exp(—iwst) (2.6)

The first-order perturbation Hamiltonian is H (r,t) = H(r) + H /(r, t). Expand-
ing out eq. (2.5):

A A A/ ~ / . da1 8\111 da2 8\111
Hyv Hyv HVY HVy =ih | —V — 4+ —VU —
a gV +ax HoWo+ag 112 2 =1 (dt 1+ ar AN + 1 2 Ty BN
(2.7)
Cancelling out terms using eq. (2.5) evaluated for the stationary case H,:
a1H/\I/1 + G/QH/\IJQ =1h (%‘I’l + %WQ) (28)

Multiplying from the left by 15, integrating over all space, and switching to bra-ket

notation:

ay (2| H'|1) exp(—iwit) + az(2| H'|2) exp(—iwst)

= il (%(QM exp(—iwnt) +

da
—2(2]2) exp(—iwst) | (2.9)
dt
Since the wavefunctions form a normalised and orthogonal basis set, (n|n) = 1,
and (n|m) = 0. In addition, the system is assumed to be initially in state 1, and
the perturbation is sufficiently small that we can assume as; ~ 0. Eliminating

terms in eq. (2.9), and rearranging to solve for day/dt:

dCLQ . aq (t)

== exp(iwiot) (2| H'|1) (2.10)

where w14 is defined by wis = wy—wy. Now I assume that the perturbation ﬁ/(r, t)
can be separated into a component which is oscillating in time, and a component
that is stationary with respect to time. ﬁ/(r, t) = ﬂ//(r) [exp(iwt) 4+ exp(—iwt)].

Then, integrating from ¢t = 0 to t = ¢, assuming that the perturbation is small



16 2.3. Electromagnetic Interactions

and therefore a; =~ 1:

. _(2[ﬂ//’1> <exp (1 (wp +w)t) —1 sy (i (Wi —w)t) — 1) (2.11)
h Wiz +w Wig — W

It is evident from eq. (2.11) that the function as(w) is dominated by the fraction
with wio — w for wis & w. So I calculate the probability of finding the system in

state 2 after a time ¢ by taking P_,o = ajas:

C@IED[? (2 = expli(wia — w)t) — exp(—i(wis — w)t)

Ppy = - ( v— ) (2.12)
4| QIAD | sin® ((win — w)t/2)
— e P (2.13)

where I use the relation sin? a = (2 — e?* — e~2%) /4. Furthermore we can assume
that the system is subjected to a broadband frequency distribution g(w;s), which
we assume to be nearly constant over the range of frequencies where the inte-
grand is significant, so we must integrate eq. (2.12) over w; the definite integral

ffooo(sin2 x/x*)dr = 7 is used.

or[(2| H |1)2
P14)2 = Mg(wlg)t (214)

The transition rate W is found by differentiating eq. (2.14) with respect to time,
while also converting to energy units:

Wi = —|(2|H"[1)|?g(hwis) (2.15)

2m
el
Equation (2.15) is referred to as Fermi’s Golden Rule, and can be used to describe
the transition rate due to electromagnetic radiation [39-42]. In this context, the
momentum of the particle is increased by eA by the electric field, where A is the
vector potential of the applied field, A = Aglexp(i(k - r—wt))+exp(—i(k - r—wt))].
Since the atomic spacing is small relative to the wavelength of the light, we can use
a Taylor expansion to simplify this expression: A ~ Aglexp(—iwt)+exp(iwt)](1+
k-r+---) ~ Ag[exp(—iwt) + exp(iwt)]. So the Hamiltonian for the system is:

5 (P+eA)?

H = (2.16)

2m0

_ P ep- Agexp(—iwt) +exp(ist)] | (cA)? (2.17)
2m0 mo 2m0

Because we have assumed the perturbation is small, we can disregard the A? term,
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and Hy = p?/2my, where my is the electron mass, so

P A lexp(—iwt) + exp(iwt)]
Mo

(2.18)

Assuming no static applied field, E = —0A /0t = iwA = Ey[exp(—iwt)+exp(iwt)].
So:

A/
H = -
iwmg

p - Ejlexp(—iwt) + exp(iwt)] (2.19)

The commutator relationship [H, 7 = H# —#H = (h/im)p can be used to write
the momentum operator in terms of energy and the position operator. Since the
Hamiltonian is Hermitian, and (2|p|1) = (imo/h)(2|H# — #H|1), we can arrive
at: .

@IpI1) = (B — B 27 |1) (2.20)

Substituting this expression into eq. (2.19) yields:

A/ e

H h(EQ — Ey)r - Eglexp(—iwt) + exp(iwt)] (2.21)
w
For a transition from state 1 to state 2, as we’ve previously established, the res-
onant frequency of the function is wis = (Ey — E7)/h; thus the transition can be
described by:
Q2IH" 1) = e|Eo|(2]r - eo|1) (2.22)

where e is the unit vector in the direction of Eg, and the quantity e(2|r - eg|1)
is called the transition dipole matrix element di. The name derives from the
classical description of light absorption, in which an atom which absorbs or emits
a photon must temporarily possess an electric dipole that oscillates at the photon
frequency. It is evident from this expression that the strength of a transition is de-
termined by the spatial overlap between the final and initial states. Furthermore,
the symmetry of the ¥3r - egy/; function determines whether the transition is al-
lowed. Equation (2.22) can then be used in eq. (2.15) to determine the transition

rate of a particle in an electromagnetic field:
2T 9
Wiz = —dp|Eol"g(hn2) (2.23)

Now it is possible to relate this quantity to the absorption coefficient o and
the dielectric function [42]. As alluded to previously, the absorption coefficient is

defined by: U

— = —al 2.24
L= ¢ (2.24)
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where [ is the intensity of light propagating in the z-direction. From the conser-

vation of energy:
dI  dU

Lo @ = NWizhwio (2.25)
where U is the energy density of the radiation, which is depleted by the material;
N is the volume density of atoms which can transition. Using the definition of the
intensity of an electromagnetic field I = nceg|Ey|?/2, where n is the real part of
the refractive index, and egs. (2.24) and (2.25), the absorption coefficient can be

written:

o 2NWiahwio

2.26
TZC€0|E0|2 ( )

Substituting the expression for Wiy, and using eqs. (2.2) and (2.4) to interrelate
a and ¢, such that 5 = anc/wya, we have:
47 N i
€9 = —12g(ﬁw12)5(w - W12) (227)
350

where (1o is the transition dipole moment of the transition. The dipole mo-
ment operator i is multiplication by —er, summed across all electrons in the
molecule, which results in the transition dipole moment f;; = e(f|#|é). In arriv-
ing at eq. (2.27), I have averaged over all orientations, thus introducing a factor
of 1/3, and replacing d3, with p?,. If we now consider a material with a series of

possible ¢ — j transitions, we have:

&5 (W) _ 2mie” Z f”é (w — wyj) (2.28)

€My

where f is the oscillator strength, which is a dimensionless number and in turn is

defined:
2 mo

fij = 3 he? 12/%2] (2.29)

An important property of the oscillator strength is expressed in the Thomas-
Reiche-Kuhn sum rule [43]:

Zfij = Ne (2.30)

where N, is the number of electrons in the system, and the oscillator strength is
summed from state i to all other possible states j. The significance of the relation-
ships between f, ¢ and « is that they allow for the calculation of experimentally-
determined quantities.

So far we have only considered the full wavefunction of the system, including

the electrons and the nuclei. Due to the very different masses of these components,
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Figure 2.5: Illustration of absorption and emission in a molecule. (a) A schematic
showing vertical electronic transitions between ground and excited state potential energy
surfaces (represented by simple curves). Also shown are the available vibrational levels,
indicated by integer values of v. Excitation from the ground state is shown by red arrows,
while emission from the excited state is shown by blue arrows. In both processes, the
relative strengths of the transitions are indicated by the weights of the arrows; the
strongest transitions have the greatest wavefunction overlap. (b) A schematic showing
the absorption (red) and emission (blue) profiles resulting from the vertical transitions.
In an ideal case, absorption and emission spectra are mirror images, with the shift

between maxima giving the Stokes shift.
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and hence different time-scales of motion, we can express the overall wavefunction
as the product of the constituent electronic and nuclear wavefunctions; this is
called the Born-Oppenheimer approximation. Therefore the total wavefunction of
the molecule can be expressed as ¥ = WejeeWhueWspin- The rotational degrees of

freedom need not be considered here since we are focussing on condensed phases.

Before going further, it is useful to define the concept of a potential energy
surface (PES). Considering first the simplest example, a diatomic molecule: the
potential energy of each atom has a minimum at a certain distance relative to
the other, which corresponds to the bond length. If the atoms are closer, they
experience strong repulsion, and if they are further apart, the electronic overlap
is lessened resulting in decreased net stabilisation and a higher potential energy;
at the infinite limit, the atoms are dissociated and are no longer affected by each
other. This feature of bonded atoms is general, and can be applied to larger
molecules or collections of molecules; in these situations, there are more degrees
of freedom, so instead of a simple one-dimensional potential curve, the potential
energy is multi-dimensional. This potential is termed the potential energy surface,

and is affected by the electronic state of the molecule.

In addition to electronic states, vibrations are also quantised, such that each
electronic state has a vibrational manifold of allowed vibrational states. These
states can be understood in analogy with standing waves of a string, or a particle
in an infinite well. Each allowed vibrational state has an integer number of nodes

(see Figure 2.5a).
The Franck Condon principle is the application of the Born-Oppenheimer ap-

proximation to photon absorption and emission. As Figure 2.5 shows, an instan-
taneous electronic transition between two states can be represented as a vertical
transition in coordinate space, or in the PES; this means that the nuclear coor-
dinates only change after the electronic transition has occurred. Since the lowest
vibrational states of the two electronic states are not necessarily the same nuclear
configuration, upon photon absorption, the molecule is in a higher vibrational
state, and only subsequently is able to relax into the ground state. Emission is
precisely the opposite process, comprising a vertical transition from the lowest vi-
brational state of the excited state to a higher vibrational transition of the ground

state, followed by relaxation to the lowest vibrational state.

The strength of the transition is determined by the magnitude of the transition
dipole moment and the population of the initial state, so the absorption and
emission spectra have different shapes. The strongest absorption is from the lowest

vibrational state of the electronic ground state to the vibrational manifold of the
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Figure 2.6: A schematic of the possible interactions of light with a two level system,
with levels at F; and FEs, having occupancies of N; and Ny respectively. The rate
coefficient of absorption is Bjs, spontaneous emission is As; and stimulated emission is
Boy.

electronic excited state. Conversely, the strongest emission is from the lowest
vibrational state of the electronic excited state to the vibrational manifold of
the electronic ground state. This results in absorption and emission spectra often
appearing to be mirror images of each other. The difference in wavelength between
the maxima of the absorption and emission spectra is called the Stokes shift, and
can give information about the system and its environment. Relaxation processes
which can contribute to a Stokes shift include thermalisation of the electron (hole)
to the edge of the conduction (valence) bands, vibrational relaxation, excitation

localisation, exciton formation, exciton migration and structural relaxation.

A final general consideration with regards to interactions of materials with
light is the interrelationship between absorption and emission rates. Figure 2.6
shows a two level system with the possible processes and their governing rates.
An incoming photon can either be absorbed by a molecule in the ground state,
promoting it to the excited state (Bjz), or it can be absorbed by a molecule in
the excited state, stimulating emission of two photons in phase (Bs;). Finally a
molecule in the excited state can spontaneously decay to the ground state, emitting
a photon (Asp). For a system in thermal equilibrium, the rate of excitations must

be equal to the rate of relaxations.

BlgNl?L(V) = A21N2 + BglNQ’LL(I/) (231)

In eq. (2.31), A represents the spontaneous process, while B terms involve

absorption from the environmental blackbody radiation, u(v), given by eq. (2.32),
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where hv = E5 — Ej.

8mhy? 1
= 2.32
u(v) 3 exp(hv/kgT) —1 (2:32)
The state occupancies are governed by Boltzmann statistics, thus:
N2 [0 < hv )
— ===exp| —+— 2.33
Ny ¢ P\ kT (2.33)

where g, is the degeneracy of the nth state. From these expressions it is possible to
derive interrelationships between the rate constants, which are a further reminder

of the reciprocity between the absorption and emission processes:

nglg = 92B21 (234)

B, (2.35)

2.3.2 Interaction of light with conjugated polymers

The above discussion is general, but there are some idiosyncrasies for the particular
case of conjugated polymers which must be considered. Firstly, as mentioned
previously, in molecular materials there is a strong connection between electronic
and vibrational processes, which leads to excitations being localised. In addition
the electron and hole are relatively tightly bound because of the low dielectric
constant of most conjugated polymers; this electron-hole entity is called an exciton,

and tends to decay on the order of ~mns.

A polymer is essentially infinite, but the excitation does not extend along the
whole chain and so the chromophore, the photoactive sub-entity, must be un-
derstood. A chromophore can be defined as the coherence length of the exciton
centre-of-mass wavefunction [44, 45]. In one-dimensional systems, such as poly-
mers, any disorder localises wavefunctions; the density of states has a tail which
extends into the bandgap (more on this in Section 2.4), and these states are more
localised than the higher-lying states. Increased disorder results in more localisa-
tion and therefore a decreased chromophore size, as well as increased inhomoge-
neous broadening. Meanwhile, it can be shown that the more planar a polymer
chain, the more extended the chromophore, the greater the exciton bandwidth

and lower the transition energy.
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2.4 Disorder in OPV devices

As alluded to in Section 2.3, conjugated polymers, and blends based on them, are
inherently disordered systems. Disorder can be classified into structural, some-
times called configurational, and energetic disorder: structural disorder is specif-
ically variations in the arrangement of the molecules, while energetic disorder
corresponds to variations in the energy levels of the molecules. This section there-
fore describes firstly the causes of structural disorder in a polymer-only film, and
then that in a polymer:fullerene blend film. Then I discuss the causes of energetic
disorder, which can include the presence of structural disorder. And finally I touch

on the related subject of doping.

2.4.1 Polymer structural disorder

Polymers in general can adopt a wide range of conformations in a film, from rigid
rods to random coils, dependent on processing as well as the polymer chemical
structure and molecular weight distribution [46, 47]. In other words, the local
atomic environment along the polymer chain is affected by nanoscale (polymer
chemical structure), microscale (molecular weight distribution) and macroscale
(e.g. phase segregation) factors.

There are two principal components of the chemical structure of a typical
conjugated polymer: the polymer backbone and the aliphatic side-chains. The
conjugated segments of the polymers tend to be planar due to the stabilising
effect of the 7 system in the polymer backbone, which also promotes chain rigidity.
Especially if the polymer backbone also has a high torsional potential tending to
planarise the backbone, and is therefore stiff, conjugated polymers can have a high
degree of microstructural order because neighbouring backbones can stack.

The ability of the polymers to stack is also affected by the side-chains. Con-
jugated polymers are typically synthesised with alkyl side-chains which promote
solubility without changing the optoelectronic properties. These are typically
around six to ten carbons long for polymers used in solar cells, and can be linear
or branched. Branched side chains result in more soluble polymers for fewer total
sp® carbons so are often used [48-50]. Good solubility of the polymer is impor-
tant for both processing and synthesis, allowing a higher degree of polymerisation
before the polymer ceases to be soluble and stops the reaction. In addition, the
relative solubility of the polymer and fullerene in the casting solvent can strongly
affect the blend morphology, and this can be tuned with the polymer side-chain

length [51]. However since the side-chains are aliphatic, they are insulating and
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do not contribute to the optoelectronic properties of the material, so their volume
should be minimised. The texture, or the preferential orientation of the polymer
relative to the substrate, can also be affected by the side-chains, possibly impacting

the device performance [52].

In addition, the position of the side-chains on the polymer backbone can pro-
mote or hinder crystallinity. An example of the effect of this is the comparison
between regioregular and regiorandom polymers [53]. Regioregularity arises from
the polymerisation of only one isomer of the monomer, in a regular way such that
each monomer is bonded ’head-to-tail’ to its neighbours. If this isomerism is not
controlled, a regiorandom polymer is synthesised, where steric hindrance of the
side-chains may result in the backbone twisting. Such effects have consequences

for chain-packing and therefore properties such as charge transport.

Unlike small molecules, polymers do not have a precisely defined molecular
weight, since they can be composed of any number of consecutive monomers. The
term polydisperse describes a polymer sample which contains a range of chain
lengths. The opposite, monodisperse chains, where all the polymer chains have
the same number of monomer units, is impossible to achieve by the common
synthesis methods used to make conjugated polymers for OPV: Suzuki or Stille
coupling, both of which are condensation reactions. Polydispersity arises from the
statistics of condensation reactions, as well as out of heterogeneities in the reaction
vessel; for example, slight variations in temperature may lead the reaction to occur
faster in one region of the vessel than somewhere else. Therefore the degree of
polydispersity can vary greatly between different synthesis reaction schemes and
different reaction geometries; for example a way to decrease polydispersity is to
conduct the reaction in a droplet microreactor [54], where the reaction takes place
in a series of small droplets whose conditions can be much better controlled than

those of a large volume.

The distribution of chain lengths of a given polymer sample, and therefore its
molecular weight, is often log-normally distributed, see Figure 2.7. It is common
to define two separate average molecular weight values to describe the sample: the
first, M, is the number-average molecular weight, which is simply the arithmetic
mean of the of the molecular weights of all the polymer molecules (eq. (2.36)), while
the second is the weight-average molecular weight, M, (eq. (2.37)). The weight-
average value is useful because the larger molecules have more of an influence
on properties such as viscosity than smaller molecules, and the weighted average
takes this into consideration. The polydispersity index, or PDI, is defined as the

ratio of the two molecular weight averages (eq. (2.38)), and is equal to or greater
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Figure 2.7: A diagram showing a typical Gaussian distribution of molecular weights,

marked with the corresponding M,, and M, values.

than 1; a monodisperse sample has identical M, and M, so has a PDI of 1.

Zi N;

XN,

(2.36)

M, (2.37)

M,

PDI = i (2.38)

Molecular weight distributions of polymer samples are often measured using
size exclusion chromotography (SEC), also known as gel permeation chromatog-
raphy (GPC). The polymer is dissolved in a solvent and passed through a column:
smaller molecules are able to penetrate pores in the column more easily than larger
molecules, so take longer to pass through the column. In this way the sample is
spatially separated according to molecular size. The solvent is passed through the
column at a constant speed, and the concentration of polymer exiting the column
as a function of time is measured using a UV probe. The measurement must be
calibrated against samples of known molecular weights; typically polystyrene is
used. However this can introduce systematic errors since polystyrene tends to
adopt a more coiled conformation in solution to conjugated polymers, resulting
in conjugated polymer molecular weights being overestimated by up to approxi-

mately a factor of 2 [55].

Most properties of a polymer are affected by its molecular weight, at least
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in some regimes [56]. Many of the polymers studied in OPV are classified as
semi-crystalline, meaning that (parts of) the polymer chains can crystallise. A
collection of low molecular weight semi-crystalline polymer chains is more likely
to align fully extended, forming crystallites as shown in Figure 2.8. As the molec-
ular weight increases, however, this becomes impossible under standard conditions
due to entropic considerations, and instead the polymer film texture becomes that
of lamellar crystallites surrounded by amorphous and entangled polymer. In this
latter case, a single polymer chain may be part of multiple crystallites. Therefore
as the molecular weight is increased past a critical point, the overall film texture
is not strongly affected because only sections of each molecule are involved in the
crystalline regions, with the rest being incorporated into the amorphous regions
[57]. Meanwhile a polymer which cannot crystallise instead forms a more homoge-
neous amorphous entangled morphology. This invariability in microstructure for
high MW polymers then results in macroscopic properties of the film often not
being strongly affected by small changes in processing. The precise relationship
of a particular parameter to molecular weight of course depends on the property.
For instance, the mobility of the workhorse conjugated polymer P3HT in the bulk
was found to decrease for high molecular weight polymer samples [58], because
the homogenous extended crystalline structure was most conducive to bulk trans-
port of charges across the film. On the other hand, another study found that the
field-effect transistor mobility, which measures the mobility through a very thin
layer, saturates at high molecular weights [57]. Another example is that in low
MW regimes, properties such as melting temperature are strongly related to the
polymer MW [57].

Ultimately therefore, since different molecular weight polymers can access dif-
ferent morphologies, which in turn affects the local atomic environment along the
polymer chain, the molecular weight can have a strong effect on the structural
disorder of a film. A related consequence of variations in molecular weight is the
corresponding variations in concentrations of polymer chain end-groups, which

can themselves change the packing.

Finally, the processing conditions can have a strong effect on the final polymer
conformation. For example, the choice of casting solvent can greatly affect the
polymer conformation in solution, which in turn affects the conformation upon
casting [59]. A good solvent exhibits favourable interactions between the solvent
molecules and the polymer, meaning that the polymer chains expand so as to
maximise the number of these favourable interactions. Meanwhile a bad solvent

does not exhibit favourable interactions and so the polymer will tend to contract
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Figure 2.8: Effect of polymer molecular weight on morphology. Shorter chains can
more readily form extended crystalline structures, but beyond a critical point, the chains
entangle and a semi-crystalline morphology develops. A single chain is highlighted in

each morphology type.

as the polymer-polymer interactions are more favourable than the polymer-solvent
interactions. Furthermore the temperature of the solvent affects both the solvation
of the polymer, by affecting the entropic term, and the speed at which the solvent
evaporates upon casting [60]. The slower the solvent evaporates, the more time
the polymer has to form its equilibrium conformation; fast solvent evaporation
results in the polymer conformation being frozen in the solvated arrangement.
For this reason, some solvent additives can affect the polymer conformation by
introducing a two-phase drying [61] if the additive boiling point is higher than the
solvent boiling point. Similarly, post-treatments such as thermal or solvent-vapour
annealing alter the film microstructure after casting by allowing the polymer chains

more time to equilibrate [62].

2.4.2 Polymer:fullerene bulk heterojunctions

As has been mentioned already, the active material in most organic photovoltaic
devices is a blend of a polymer with a small molecule such as a fullerene. The
materials are co-dissolved in the casting solution, and the microstructure formed in
the film depends on the mutual miscibility of the blend components. The purpose

of the blend is to support charge separation and transport (more in Sections 2.5.2
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Figure 2.9: Schematic of the arrangement of molecules in a typical polymer:fullerene
bulk heterojunction. The polymer is shown in red and the fullerene in blue. A bulk
heterojunction has many different phases, including crystalline polymer, amorphous

polymer, aggregated or crystalline fullerene and mixed polymer-fullerene.

and 2.5.3), and so well-controlled phase separation is important. The goal is
to have enough interface to promote charge separation, but enough percolation
for charge transport, so the composition and length scales of the phases formed
are both very important [63-65]. This kind of microstructure is called a bulk
heterojunction (BHJ); see Figure 2.9 for a schematic.

As can be seen from Figure 2.9, there are a few different kinds of phases present
in a typical polymer:fullerene BHJ: a polymer-rich phase, a fullerene-rich phase,
and a mixed phase [66]. Furthermore there are both crystalline and amorphous
polymer regions, as well as aggregated and disperse fullerene regions, representing
a range of structural environments which add to the structural disorder. In addi-
tion, the microstructure after solution processing is typically kinetically trapped,
and not at thermodynamic equilibrium. And so, depending on the glass transition
temperature of the polymer, that is, the temperature required for the polymer to
be able to flow, the blend microstructure can be sensitive to temperature even
after processing. A possible variation on BHJs is to use cross-linking moieties or
block co-polymers to afford greater control over the microstructure formation [67,
68].

In Section 2.4.1, I focused on the effect of the polymer on the disorder in a
polymer:fullerene film, but the other component of the blend can have a strong
effect too. Here I focus on fullerenes because they were the acceptor used in every
blend I studied. Specifically I have predominantly used PCgoBM and PC;yBM, al-
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Figure 2.10: Chemical structures of the fullerenes used in this thesis. (a) Phenyl-Cg;-
butyric acid methyl ester (PCBM), (b) Phenyl-C71-butyric acid methyl ester (PC7oBM),
(c) ketolactam (KL, N-3-(2-methyloxy, 3-hexyloxy)benzyl ketolatam)

though in Chapter 7 I also use a ketolactam fullerene (full name N-3-(2-methyloxy,
3-hexyloxy)benzyl ketolatam); structures of all three fullerenes are shown in Fig-
ure 2.10.

Fullerenes can form aggregates or crystallites, or be dispersed in the polymer.
Furthermore, since the molecule itself is asymmetrical, the relative orientation
of fullerenes with respect to each other, and to the polymer, represents another
source of structural disorder. In addition, at interfaces with the polymer, the
fullerene can dock at different points along the polymer chain. The favourability
of polymer-fullerene interactions along the polymer chain can be affected by steric
hindrance, for example from side-chains, or by varying electrostatics along the
chain [69].

In addition to variations in the local microstructure, the blend microstruc-
ture can vary through the film. The most common example of this is a vertical
concentration profile, which is caused by imbalances in the interactions between
the individual components and either the substrate or air interfaces [70]. Vertical
segregation, as this effect is called, can have a strong effect on the device perfor-
mance. For example if the hole-transporting component segregates to the device
anode, it can enhance performance by forming an effective electron-blocking layer;
however if it segregates to the cathode, surface recombination can be promoted,
resulting in worse device performance. Another consideration is that a lack of
hole-transporting material far from the anode means that any holes generated in

this region, which have to traverse the whole device thickness, do not have access



30 2.4. Disorder in OPV devices

to a good percolation pathway. These examples highlight the effect that struc-
tural disorder can have on processes such as charge transport, as inhomogeneities
in the molecular distribution through the film change which states are available

to a charge.

2.4.3 Energetic disorder

Thus far I have discussed the many ways in which structural disorder is introduced
into both polymer and polymer:fullerene films. Different atomic arrangements
within molecules result in different local energetic environments, since the ener-
getics of a particular atom will be affected by the electronic environment around
it, which in turn is affected by, for example, the local orientation of neighbour-
ing atoms and bonds. The distribution of available energetic states in the system
overall can be represented by the density of states (DoS) function, which is defined
as the number of states available at each energy. The shape of the DoS has an
impact on the device performance, and so it is important to understand.

To illustrate this concept, I consider as an example, the local conformation
of a polymer; whether or not a particular part of the chain is in a crystalline or
amorphous phase affects the local density of states: strong associations between
crystallised polymer chains can stabilise the system, and can allow charge delocal-
isation and therefore higher charge mobility in this region. However in terms of
the overall energetic landscape of the film, crystalline regions can also act as traps
since the free charges are stabilised relative to the surroundings [71]. This there-
fore illustrates how the DoS of polymer and blend films can often be described by
tails into the bandgap of the material, as some regions are stabilised relative to
others. Figure 2.11 shows the case for an exponential tail DoS, which is a common
model used to describe organic films.

Furthermore, in a blend, the various phases present result in different energetic
and electronic environments. This can be beneficial, since different phases can
stabilise different charges (see Sections 2.5.2 and 2.5.3). Energetic disorder can
also be introduced by factors such as isomerism, which can result in variation of
energetic levels.

The energy of an electronic state is also affected by electrostatic interactions
with surrounding charges and dipoles. The addition of a charge to an environment
can also induce dipoles in surrounding molecules. Therefore charges and variation
in the effective net charge can introduce differences in energy between otherwise
similar molecular configurations. Electrostatic forces are long-range, and so can

have a large effect on the energetic disorder of a material [72, 73].



2.4. Disorder in OPV devices 31

Energy F

»
y

In(DOS)

Figure 2.11: A schematic of a typical density of states in an OPV solar cell.

2.4.4 Doping

In addition to disorder caused by the blend components themselves, films can be
doped, either intentionally or unintentionally. By definition, a dopant is charac-
terised by a mid-bandgap state which can either accept or donate electrons from/to
the host material, resulting in an imbalance in mobile charge carrier densities. In-
tentionally doping organic films requires the addition of an extra molecular species;
therefore there are additional factors to consider, such as the dopant’s effect on
the blend morphology. When used, intentional dopants are usually included to
enhance the film conductivity [74], for example by accepting an electron from
the host thus increasing the hole concentration [75]. Therefore doped materials
can play an important role as charge transporting layers in organic light emitting
diodes and solar cells [76].

The synthesis methods to make conjugated polymers can sometimes introduce
impurities that are sometimes quite difficult to remove; two of the most popular
synthesis reactions are Stille and Suzuki coupling, both of which are catalysed
by palladium [77-79]. Since organic molecules are generally sensitive to exces-
sive heating and otherwise harsh conditions, usual purification methods such as
distillation are not possible. Furthermore, polymers do not fully crystallise, and
palladium is known to bind to conjugated polymers, so neither crystallisation nor
filtration methods work [80]. This is an issue because even low amounts of palla-
dium impurities have been observed to act as short circuits in thin polymer films,
severely impacting on their efficacy as devices [81]. Fortunately, there have been
reports in the literature of palladium-scavenging molecules that are soluble in or-

ganic solvents [80, 82, 83] to address this issue. There has also been some effort
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to develop metal-free synthesis routes [84].

Another unintentional dopant is oxygen, which can be incorporated into the
blend upon air exposure, and can oxidise the blend components, affecting the
density of states. This effect can be more pronounced if oxygen exposure is con-
current with light exposure, resulting in photo-oxidation processes [85]. The effect
of doping generally on charge density in the device and the device operation will

be discussed in Section 2.5.1.

2.5 Solar cell operation

2.5.1 Device model

In order for a solar cell to convert solar power into electrical power, multiple steps
need to occur. If we follow an electron, the first step is light absorption resulting
in promotion of an electron into the LUMO, leaving a hole in the HOMO. These
two coulombically-bound charged entities must then separate into free charges.
The electron then must find its way to the cathode, while the hole must get to
the anode; along the way both will be scattered due to the thermal motion of
other molecules in the material. This scattering results in a macroscopic series
resistance. Meanwhile, if an electron encounters another hole, it can recombine,
thus losing the potential energy stored in the separated charges. Therefore on
average charges must be generated and collected before they recombine. Addi-
tionally, any pinholes in the material can provide an alternative lower-resistance
pathway for the generated charges, resulting in a loss in current available to the
external circuit; this is called the shunt resistance.

The above process can be translated into an equivalent circuit diagram, which
is a model of a solar cell using electrically equivalent components. This equivalent
circuit is shown in Figure 2.12, and comprises the photogenerated current, I, the
series resistance Ry, shunt resistance Rgy, and output voltage V. The current [ in
a solar cell can be described in terms of these variables, giving the characteristic

equation:

I'=—-h+1Iq+ I

V + IR, V + IR,

where [ is the photo-generated current, Iy is the diode current, and I, is the

shunt current.
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Figure 2.12: Equivalent circuit diagram of a solar cell. I; is the light-generated current,

14 is the dark diode current, R, is the shunt resistance in parallel to the diode, and Ry

is the series resistance.

The driving force, which drives the electrons and holes to their respective con-
tacts, is achieved through appropriate choice of electrodes in organic photovoltaics.
We can consider a simple single-layer solar cell, with two electrodes, which forms
a metal-semiconductor-metal sandwich structure. The Fermi energy Er describes
the chemical potential of each material; for metals this is the same as the work-
function of the material in isolation, whereas for intrinsic semiconductors before
contact is made to another material, the Fermi energy lies in the middle of the
bandgap. When the materials are first brought into contact, as in Figure 2.13a, the
bands of the semiconductor are flat, and at the interfaces the relative band levels
are pinned. But the device is not at equilibrium because the chemical potential of
the electrons in the cathode are greater than those in the semiconductor, which
are greater than those in the anode. Therefore as a result of these differences in
chemical potential, electrons flow until the Fermi energies align and the system is
at equilibrium [86]; the end result is shown in Figure 2.13b. As is evident from the
diagram, there is now a gradient in the bands of the semiconductor layer which
results in an electric field.

The band diagrams in Figures 2.13a, 2.13b and 2.13d are shown for the case of
the system in the dark. The convention to define the bias across the device is such
that the bias is positive if the cathode potential is raised relative to the anode.
In a diode, for the case of zero and negative bias, no current can flow because, as
you can see in Figures 2.13b and 2.13c, there is no way for electrons to traverse
the semiconductor due to the opposing field.

The system can be pushed out of equilibrium by applying a voltage, as already
mentioned, and/or shining light on the device. In this case, we can consider a
quasi-equilibrium, where the concentration of charges is higher than at thermal
equilibrium; this is represented by a splitting of the Fermi energy level into quasi-

Fermi levels (Figures 2.13c and 2.13d): one for electrons (Er,) and one for holes
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Figure 2.13: Diagram showing the alignment of Fermi energies for a metal-
semiconductor-metal sandwich structure. (a) Layers of a device before alignment of
Fermi energies. The cathode is the metal with the lower workfunction, and the semi-
conductor is assumed to be intrinsic so its Fermi level is mid-gap. (b) A device at
equilibrium, where the chemical potential, or Fermi energy, has aligned throughout the
device. The semiconductor HOMO and LUMO levels are pinned at the metal interfaces,
resulting in an electric field gradient. (c) A device at a low applied voltage, which re-
sults in a splitting of the Fermi energy into quasi-Fermi energies for electrons and holes,
Ey ¢ Carriers from the electrodes cannot cross the device due to the opposing electric
field, resulting in approximately zero dark current. However, photogenerated charges in
the semiconductor can be collected at the electrodes due to the driving force from the
electric field. (d) A device at a high applied voltage, which has resulted in the electric
field changing direction. Under these conditions, charges from the electrodes can move
through the device. In (c) and (d), electrons are represented by black-filled circles while

holes are represented by white-filled circles.



2.5. Solar cell operation 35

(Epy). Figure 2.13d shows the situation at high applied voltage, such that the
electric field becomes steep enough that electrons can tunnel from the cathode into
the semiconductor, and then be swept towards the anode, resulting in current.

On the other hand, in the light, charges are photogenerated in the bulk of the
semiconductor material. In a solar cell at negative and small positive biases, there
is a net electric field driving the electrons to the cathode (Figure 2.13c). This
results in negative photocurrent which to a first approximation can be considered
independent of applied voltage. At larger positive biases, the diode current starts
to dominate, and eventually the current is positive again. The voltage at which
there is no net current flowing is called the open-circuit voltage, and this is light-
dependent. The fourth quadrant of the current-voltage, or J-V curve, is when the
solar cell is generating net power, and is the quadrant of most interest in solar
research.

Figure 2.14 shows a schematic of a current density-voltage curve of a solar
cell, showing the open-circuit voltage V. and the short-circuit current J,.. Also
shown is the maximum power point (MPP), where the gradient of the J-V curve
is greatest. The MPP defines the fill factor FF such that:

Jnpp Vaipp
PP = =T (2.40)
where (Jypp, Vmpp) are the current and voltage values at the MPP.

The efficiency most often quoted when comparing solar cells is the power con-
version efficiency (PCE): this is defined as the electrical power generated divided
by the incident solar power. Equation 2.42 gives the efficiency, 7 in terms of the
open-circuit voltage, Vi, the short-circuit current J. and the fill factor FF. Typ-
ically in experimental testing, the temperature is set to 25 °C and P, is set to
the approximate solar spectrum on the Earth’s surface at mid-latitudes, which is

called AM1.5, for an air mass coefficient of 1.5 (see Figure 2.15 for the spectrum).
Under AM1.5 conditions, the solar flux is 100 mW cm™2.

FF — Jvipp Vaipp

9.41
JSC‘/OC ( )
VocdJsc F'F
_ Jocesel 7 9.42
7 P (2.42)

Thus far I have simplified the metal-semiconductor interfaces by keeping the
semiconductor bands flat. In reality however, charges are likely to be injected into
the semiconductor upon contact due to a mismatch in Fermi energies. This results

in an interfacial charge, which causes band-bending close to the interface.
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Figure 2.14: Schematic of a current-voltage (J-V') curve, showing the open-circuit
voltage and the short-circuit current. The maximum power point (MPP) is shown,
which defines the maximum power current (Jypp) and maximum power voltage (Virpp).
The fill factor is defined according to eq. (2.41), and is the ratio of the areas of the light

and dark red squares.
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Figure 2.15: The AM1.5 direct solar spectrum used as the standard illumination power

when evaluating solar cell efficiency. The integrated power is 100 mW cm™2.
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Another cause of band-bending in a device is any doping in the semiconductor;
so far the semiconductor has been treated as an intrinsic material. Since doping
introduces an imbalance in the mobile carrier concentrations at equilibrium, it
normally results in band bending. In this discussion I will discuss the example
of p-type doping, since this is the most usual type of doping in the materials
used for polymer photovoltaic cells. In the bulk of a p-type device there are
many more mobile holes and stationary negatively charged acceptor species, whose
concentration is denoted Ny, than in the intrinsic material. Upon contact with a
low workfunction cathode, these holes can diffuse towards the cathode, where they
recombine with the electrons from the electrode. This results therefore in a region
by the electrode of few mobile carriers, but an overall negative charge due to the
stationary dopants. Therefore, there is a non-uniform electric field through the
device, and a depletion region forms as seen in Figure 2.16. We can understand

this phenomenon analytically by recalling the Poisson equation:

2
Ay e __p

= = 2.43
dx? €rE0 ( )

where ¢ is the electrostatic potential, p is the charge density, ¢, is the relative
permittivity and ey is the vacuum permittivity. The depletion approximation
assumes that in the depletion region, there are no free carriers, and instead the
only charge is due to Ny, resulting in d?p/dz? = qN4/e. Therefore, by integrating
twice and using the boundary conditions d¢/dz(x = 0) = 0, and ¢(w) — ¢(0) =
Vi =V, where w is the width of the depletion region, and x is measured from the

cathode towards the anode, the following relation is derived:

Q(Vbi — V)ST{:“O
w = 2.44
\/ o (2.44)

Since there is no net charge except in the depletion region, the capacitance of

the device is therefore given by the parallel plate relation:

A
C= 5’”20 (2.45)

where A is the electrode area, and d is the thickness of the region with an electric
field, which is equal to w so long as the semiconductor thickness exceeds d. Hence,
the thickness of the depletion region, and therefore the doping density, can be

probed by measuring the capacitance; this will be discussed in Section 3.2.2.

From the band diagram in Figure 2.16, it is clear that if the depletion region
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Figure 2.16: The depletion region at the cathode and its effect on the device band
diagram. In this case the device is p-doped, resulting in an excess of mobile holes and
stationary negative charges. A mobile charge-free region forms by the cathode, called
the depletion region, which is the only part of the device with a net electric field. The
bands by the anode, by contrast, are flat.

width from doping is less than the total device thickness, the resulting band bend-
ing will affect charge collection in the device. At short circuit in the light, only
the charges photogenerated in the depletion region will be collected efficiently;
charges generated in the flat-band region are only able to diffuse to the contacts
- there is no electric field to provide a driving force. Figure 2.16 shows the case
of p-type doping; also pertinent for understanding the effect of doping on the cur-
rent density-voltage curve is the direction of illumination. Considering first the
case of p-type doping with illumination from the cathode side, since increasing
the thickness merely increases the thickness of the flat-band region, which does
not generate charge, the J-V curve is unlikely to vary much with total film thick-
ness, with the most likely change being a reduction of FF as collection might be
hindered. If however, on the other hand, the illumination is impinging from the
anode side, increasing the film thickness means that less light will reach the space
charge region at the back contact, so fewer charges will be generated and the Jg
will decrease. The fill factor, on the other hand, is not necessarily affected because
the field in the depletion region is invariant so the charges that are generated there
can be collected efficiently so long as the charges are able to diffuse through the

flat-band region.

These observations are in direct contrast to the case where the device is intrinsic
and therefore the bands can be approximated as being linear across the whole

device. In this case, as the thickness increases, the gradient of the bands, and
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therefore the potential driving force, decreases across the whole device. This effect,
coupled with the greater series resistance of the thicker device, means that both
Jsc and FF decrease together as the thickness increases. These considerations are
all discussed theoretically by Kirchartz et al. [87] and experimentally by Deledalle
et al. [26] and Dibb et al. [88].

Thus far the semiconductor has been generally described within the framework
of inorganic semiconductors. As has already been discussed in Section 2.4.2, the
active layer of organic photovoltaics is generally made from a polymer:fullerene
blend. Since the polymer generally transports the holes while the fullerene trans-
ports the electrons, it is appropriate to define an effective medium, which has
a conduction band corresponding to the fullerene LUMO, and a valence band
corresponding to the polymer HOMO. This is called the effective medium approx-

imation and simplifies the modelling and discussion of band diagrams in OPV.

2.5.2 Charge separation

The process of light absorption was covered in Section 2.3, and so this section
covers the process of charge separation once a photon has been absorbed. For
the sake of simplicity, this discussion will focus on the case of a polymer:fullerene
blend where the polymer is the light absorbing material and electron donor, and
the fullerene is the electron acceptor.

There is a good deal of discussion in the literature as to the precise mechanism
of free charge generation. The principal species involved, excitons and electron
or hole polarons, were introduced in Section 2.2; excitons (polarons) are neu-
tral (charged) quasiparticles, formed as a result of the host molecule changing
its conformation to stabilise the species. Overall, the generation of free polarons
involves the separation of the optically-generated exciton into electron and hole
polarons (see Figure 2.17 for a schematic); in bulk heterojunction OPV the poly-
mer typically has the greater absorption in the visible, therefore an electron must
be transferred from the polymer to the fullerene, leaving a hole behind on the
polymer. The mechanism involved relies heavily on the energetics of the species,
and different mechanisms imply different timescales.

The first consideration is the nature of the exciton. Excitons in organic blends
should generally be considered within the Frenkel exciton framework, meaning
that the exciton is strongly localised; this is in contrast to Wannier excitons which
are found in inorganic semiconductors, and are delocalised across many sites in
a lattice. The origin of the difference in exciton nature between organic and

inorganic semiconductors is the lower dielectric constant in the former, resulting
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Figure 2.17: Diagram showing the states involved in charge separation, for photon
absorption by the polymer and subsequent electron transfer to the fullerene. A singlet
(far left, purple) is formed when a photon is absorbed by the polymer. A charge transfer
(CT) state can be formed at a polymer-fullerene interface, whereby there is a net negative
charge on the fullerene and a net positive charge on the polymer, but the electron and
hole are still strongly coupled and can radiatively recombine. Charge separation (CS) is
then possible, whereby the charges are fully located on the respective species, and the

charges are free to move.
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in less screening of the charges, as well as the confinement of the excitation to a
smaller volume by the molecular nature of the material. The electron and hole
are attracted to each other by a Coulombic interaction, which when the charges

are treated as point charges is given by:

q2

EFg=—"——
4dme T

(2.46)
where Ejg is the binding energy, ¢ is the elementary charge and r is the distance
between the electron and hole. This interaction results in exciton binding energies
having reported values of 0.1 — 0.5 eV [89]; for comparison, at 298 K, kT = 0.026
eV. Excitons in OPV are either located on one species, such as the polymer, or on

two species across an interface; the latter is called a charge transfer (CT) exciton.

The expression for Eg highlights an important factor: the spatial separation
between the electron and hole. The degree of localisation of an exciton (or a
polaron) is dependent on the interplay of a number of factors. Light absorption
generates an ensemble of excited states, some of which may initially be delocalised
and mobile prior to forming a bound exciton; thermal relaxation of this ‘hot’ state

into a bound exciton takes place on the order of picoseconds [90].

Delocalisation of an exciton may be enhanced by greater coupling between
neighbouring sites. A higher degree of order, whether that be planarity of a
conjugated polymer chain, or crystallisation or aggregation in polymer and/or
fullerene domains, can therefore allow the exciton to delocalise and promote exci-
ton dissociation [91, 92]. Exciton dissociation can also occur at interfaces between
crystalline and amorphous parts. The degree of intrachain and interchain coher-
ence of a polymeric exciton can be modulated by the polymeric molecular weight
[93]. Exciton-phonon coupling is also possible, which competes with intersite cou-
pling and localises the exciton since the nuclear coordinates can rearrange to min-
imise its free energy. A competing theory of exciton localisation was proposed by
Barford, Tozer and Marcus, who proposed that excitons in conjugated polymers
localise due to disorder, instead of exciton-phonon coupling [44, 45, 94]. There
is evidently much work to be done to iron out the theoretical differences in the
literature, which can be made difficult when two distinct theoretical frameworks

predict very similar behaviour.

As already mentioned, since an electron must be transferred to the fullerene for
the charges to be long-lived, this transfer must occur either via ultrafast processes
before the exciton is localised, or if an exciton has already localised on the polymer

it must diffuse to an interface. Excitons can move by energy transfer via the
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mediation of dipole-dipole interactions, which are long-range; this is called the
Forster mechanism, or Forster resonance energy transfer (FRET). The energy
transfer rate is dependent on the oscillator strength of the sites, since the process
is mediated by a virtual photon, so is significant for diffusion of singlet excitons.
An alternative mechanism involves electron exchange, which requires overlap of the
electronic wavefunctions; this is called the Dexter mechanism and is short-range
[95]. Exciton diffusion can take tens of picoseconds per step, so the process overall
results in quite slow charge generation, on the order of pico- to nanoseconds [96].
It should be noted that diffusion is heavily morphology-dependent, which results

in a wide range of diffusion coefficients and lengths reported [97].

However, in many cases free charges are observed at very fast timescales, before
100 fs [65, 98, 99]. At these timescales, the possible resonance of the photoexcited
species with charge separated states becomes relevant [100]. There have been some
arguments that this is why fullerene aggregation is often observed to be crucial
for charge separation, because a higher density of higher-energy states, which can
be resonant with the photogenerated exciton, become accessible [100, 101]. In
addition, it has been proposed that the role of disorder and noise in the coupling
between neighbouring states can be significant; Bittner and colleagues [102, 103]
have proposed that phonon fluctuations, for example from the zero-point motion
of the molecular lattice and/or thermal noise, facilitate direct resonant tunnelling
to charge separated states; an experimental study has suggested the possibility
of coherent charge transfer via the vibrational modes [104]. The regime in which
resonant tunnelling can be expected to play a role is when the coupling between
the initial photoexciton and higher-lying states is of the same order as the energy
difference between the states. Furthermore the authors argue that increasing the
energy offset between the donor and acceptor results in a greater density of charge
separated states in resonance with the primary photoexcitation. A similar pro-
posal was put forward by Aragd and Troisi, who proposed that dynamic disorder
due to thermal fluctuations can result in fluctuations in excitonic coupling be-
tween neighbouring sites [105]. For the case of excitonic coupling having a similar
magnitude as electron-phonon coupling, exciton transport can be coherent and
much faster than the case of exciton coupling being smaller than electron-phonon

coupling.

The density of states at the polymer-fullerene interface has been shown to be
very important for OPV operation [106-109]. Generally in efficient blends, the
fullerene has a deeper LUMO level, which provides a driving force for electron

transfer from the polymer to the fullerene; an alternate description of the same
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picture is that the lowest energy states of a polymer:fullerene pair can be CT states
with the electron located on the fullerene and the hole on the polymer [110]. A
different possible interaction at the interface is energy transfer of the polymer
exciton to the fullerene by the FRET mechanism, followed by charge separation
[111-114).

It has been shown that a fully relaxed CT state sometimes cannot dissociate,
instead requiring promotion into a higher state in the CT state manifold, which
tends to be more delocalised. Higher CT states may be accessed upon initial
formation of the CT state. Bakulin et al. performed a pump-push experiment
whereby they excited a sample with a pump pulse of visible light, followed by
an IR push pulse; the change in photocurrent as a result of the push pulse was
recorded [115]. They proposed that the IR push excites a relaxed CTy state to a
more delocalised state higher in the CT state manifold, and that this state can
charge separate resulting in photocurrent; the hypothesis is that these excited
CT states are the same as those formed immediately after CT state formation,
before relaxation into the ground state. This study therefore raises the possibility
that CT states can represent a loss mechanism, if they are too tightly bound to
dissociate spontaneously; this observation is in agreement with some other studies
[100].

In contrast to the work of Bakulin et al., there is also evidence that directly ex-
cited CT states can generate charge as efficiently as CT states generated through
dissociation of an exciton [116], and that the generated photocurrent is not in-
creased by photoexcitation into states above the ground CT state [117, 118]. Fur-
thermore another study has suggested that the morphology of the blend, and
specifically the degree of fullerene crystallisation, strongly affects the delocalisa-
tion and subsequent separation efficiency of the CT state [119]. However, these
studies typically access states which are optically active, by either photoexciting
the system, or observing electroluminescence, and so it is still possible that the

observed states are not necessarily the lowest energy states of the system.

To summarise, charge separation is critically dependent on the energetic land-
scape of the material, and the critical steps occur at very short timescales [120].
Upon initial excitation, the ability of the exciton to sample delocalised states ap-
pears to be crucial for eventual charge separation to occur. Ideally this exciton is
generated at or very close to an interface, such that the electron (hole) can transfer
to the fullerene (polymer). For this transfer to take place, an energy offset be-
tween the two blend components is necessary such that the lowest energy state is

a charge transfer state. If the exciton relaxes before achieving charge separation,
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it can be possible to re-excite the system up the exciton energetic manifold, which

can then result in charge separation.

2.5.3 Charge collection

This section follows on from above and discusses the collection of free charges, i.e.
polarons, at the electrodes. The degree of charge collection is determined by the
competition between charge extraction, which in turn is affected by the carrier
mobility, and recombination [121, 122]. Integral to the treatments of mobility and
recombination is the disordered nature of the materials.

Charge mobility in particular involves a wide range of length scales, from molec-
ular to device levels, and is typically low in organic materials, with the highest
values reported approaching 10 cm? V~1s™! [123-125]. However the reported mo-
bility values can vary by multiple orders of magnitude, according to the materials
and the method used [57, 126, 127].

At the molecular level, polaron transport involves the transfer of charge from
species to species across the film. This process is therefore heavily affected by
factors such as the molecular packing, the structural and energetic disorder [128§],
as well as dynamic disorder [129]. The molecular packing can affect the spatial
wavefunction overlap between adjoining species which can in turn affect charge
mobility [130]. Structural disorder describes variation in how the molecules are
arranged; as described already in Section 2.4, structural disorder generally affects
the energetic disorder, which describes variation in local energetic levels. Dynamic
disorder meanwhile takes into account fluctuations in the intermolecular coupling
due to vibrational modes [131]. Computer simulations of materials can help to
resolve the pertinent factors in a given system [129, 131, 132].

In general, as already discussed, the various sources of disorder overall result
in a tail in the density of states which extends into the band gap. The shape
of the density of states directly affects the ability of charges to move through
the film. For instance, at short times after photo-excitation, the photo-generated
species have excess energy and take time to thermalise down the density of states,
resulting in enhanced mobility relative to the fully thermalised quasi-equilibrium
case [133]. In addition, the tail in the density of states results in a charge-density
dependent carrier mobility, as at higher concentrations the deeper trap states get
filled [134]. The lower the charge’s energy, the more likely it is to be trapped; for
example, linear regions of polymer chains tend to have a deeper density of states
relative to a folded section, meaning that the charges may become trapped in the

linear regions [135].
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Moving to the macroscopic level, it is extremely desirable, but elusive, to be
able to relate polymer structure to carrier mobility. Historically, highly crystalline
materials, such as P3HT, were targeted; however more recently nominally amor-
phous polymers have shown very high mobilities [124, 136]. Upon inspection,
however, while these high-performing materials showed little diffraction patterns
in X-ray diffraction, for example, suggesting a lack of long-range order, they did
exhibit short-range order [137]. Highly linear chains enable charges to travel fur-
ther in short times, through the delocalisation of the wavefunctions [138, 139].
However, highly crystalline regions can act as traps as already mentioned [135,
140]. Delocalisation is generally not sufficient for transport across a film, and so
some strong interchain coupling is required to facilitate charges hopping between
chains. Therefore a balance between fast transport along polymer chains and min-
imising the effects of disorder, resulting in shallow trap states, is crucial, and this
balance is achieved by the recent plethora of high-mobility conjugated polymers
[136].

In general, charge transport through a device may be described as the sum
of diffusion and drift components. For the case of electron transport this can be

written:
dn

n — Dn
/ q( dx

+ unFn) (2.47)

where n is the electron density, D,, is the electron diffusion coefficient, u,, is the
electron mobility, and F' is the electric field. The dominating process in OPV
generally depends on the electric field: at short-circuit for example, when there
is often a strong electric field throughout the device, the drift current dominates.
However, at the built-in voltage V;; when there is no field in the device, diffusion
dominates.

Recombination in an OPV device is most likely to occur between a trapped
electron (hole) and a free hole (electron), since more of either carrier are trapped
than free, and the mobile carrier is free to find the trapped carrier, which by
definition is stationary. This scheme of recombination is called Shockley-Read-
Hall (SRH) recombination, and has been shown to well-reproduce OPV device
data [141, 142|. Figure 2.18 is a schematic showing the processes involved in
SRH recombination, illustrating the various rate coefficients involved. The rates
of hole and electron capture and emission, for the case of recombination via the
conduction band tail, are displayed in Table 2.1; N; is the trap concentration, f
is the electron occupation probability, and e, , are the electron and hole emission
rate coefficients respectively.

By considering the conditions of thermal equilibrium and steady state, the rate
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Table 2.1: Rates involved in Shockley-Read-Hall recombination, for the case of recom-
bination via conduction band tails. n and p are the electron and hole concentrations,
B9 is the capture rate coefficient for a free electron into a trap, and B, is the capture
rate coefficient for a free hole into an electron-occupied trap, N is the trap concentra-
tion, e, p are the electron and hole emission rates, and f is the trap electron occupation

probability.

Process Rate

Electron capture ol nBINy(1 — f)

Electron emission T enNy f
Hole capture r3 pB, Nif
Hole emission T4 ep,Ne(1 — f)

of SRH recombination per unit volume, for the case of recombination between a
trapped electron in the conduction band and a free hole in the valence band
(Rept) can be derived and is given by eq. (2.48), where Ny is the density of
conduction band tail states per unit energy, 7, is the recombination rate, E. , are
the conduction and valence band energies respectively, N is the tail state density
at the mobility edge, F,. is the Urbach energy for the conduction band tails,
n; is the intrinsic carrier density, and V., are the conduction and valence band
density of states, excluding the tail states. The rate of recombination is therefore

dependent on the charge density, as follows:

E.

Ry = ; Nept(E)ne(E)dE
Ee E—-F
= N. <

B, c0 €XP ( Euc )

np —n; dE
(n+ Neexp[(E — Ec)/kT])/B, + (p+ Nyexp[(Ey — E)/KT])/ B}
(2.48)

where (3, and B are the rate coefficients for charge capture, defined in Table 2.1.

SRH recombination describes recombination in the bulk of a device, but charges
can also recombine at the electrodes, which is termed surface recombination and
occurs when there is a concentration of holes (electrons) at the electron- (hole-)
selective contact. For example, the surface recombination current at the cath-
ode is given by Jean = ¢Spp, where S, is the surface recombination velocity for

holes. The surface recombination rate is also proportional to exp(¢catn/kT'), where
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O
i B % B

Figure 2.18: Scheme showing the various steps involved in Shockley-Read-Hall recom-

bination, for the case of both conduction and valence band traps. Electrons are shown

by filled circles while holes are shown by empty circles. 2 , B, BY and B, are the

capture rate coefficients.

©eath 18 the contact barrier between the cathode and the conduction band [143].
These relations therefore illustrate the importance of electrode selection, as well
as interlayers.

The mobility and the charge carrier lifetime together strongly affect the cur-
rent collected from the device. Since both are carrier-density dependent, it is not
typically possible to simply assign a single value, and drift-diffusion modelling is
generally required to quantitatively model a current-voltage characteristic. How-
ever for the purposes of a qualitative understanding, we can assign single values.
Then it is possible to construct a model to determine an analytical equation for
the short-circuit current density and corresponding external quantum efficiency.
We assume that the device has both a uniform field F = (V; — V)/d and uni-
form charge generation G. Since we are considering the situation at short-circuit
current, as we have already seen we assume that the current is dominated by the
drift current, J,, = eu, F'n, where we are solely considering the electron density n.
We also set up the system such that the electrons are collected at the contact at
x = 0, and the device has a thickness of d.

We are assuming steady-state conditions, so the continuity equation in one
dimension is given by:

1dJ, —

c o TOR=0 (2.49)
where R is the recombination rate, which is given by R = n/7,. To determine the
expression for G, we neglect interference effects and reflection, such that the light

intensity I follows Beer-Lambert:

I =1y(1—r)exp(—ax) (2.50)
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where r is the reflection coefficient, Iy is the incident light intensity, and « is
the absorption coefficient. In this discussion, the generation terms are implicitly
functions of photon energy E. The rate of loss of intensity through the device

thickness is proportional to the generation rate, such that:

ar

= G(x)E

(2.51)

=1y (1 —r)aexp(—ax)

Note that here I have used G(z), the position-dependent generation term. When
internal reflections are taken into account, the generation tends to be less position-

dependent. Therefore, the average generation through the device, G is given by:

—_ 1 [
G——/ G(z) dz
d Jo

= é%/{) a exp(—ax) dz (2.52)
IO —-T
= % % [1— exp(—ad)]

Returning to the continuity equation, we have:

dn n —
F _ 2 _ 2.
Pra — 7 ¢ (2:53)

This is a first-order inhomogeneous differential equation, which can be solved to
give:

n = Cexp (#) +GrT (2.54)

where C' is the constant of integration. Substituting this expression into the ex-
pression for the drift current .J,,, and using the boundary condition J,,(d) = 0 we

determine that:

Including the full expression for G, defining the drift length L4, = prF, and

evaluating at = = 0, we arrive at the Hecht equation [87, 144]:

1]0(1—7’)

Je=aLa 3 exp(-ad) {1 ~ exp <— L‘ir)] (2.56)

The external quantum efficiency can be evaluated by dividing eq. (2.56) by the




2.6. Limits to efficiency 49

number of photons entering the device, and by the elementary charge, thus:

EQE(E) = % 1 — exp(—a(E) d)] [1 — exp (- L‘ir)} (2.57)

For the limit where Lg, > d, the expression [Lg,(1 — exp(—d/Lq,))/d] tends to-
wards unity. Therefore EQE is limited only by the optical depth, ad, and thus
will approach unity as d is increased. On the other hand, for the limit where
L4 < d, the same expression tends towards Lg,/d, such that the expression for
EQE asymptotes to zero with increasing d. For intermediate values of Lq,, the ex-
pression for EQE as a function of d has a maximum which represents the optimum
compromise between the collection and the optical depth.

To summarise, the expressions above represent a very simplified case, con-
sidering only electrons, uniform field, uniform generation, and no interference or
reflection off a back contact. Nevertheless they highlight that the mobility-lifetime
product p7, and hence the drift length Lg, can have a large effect on charge col-
lection, and provide a starting point for considering the limitations of working

devices.

2.6 Limits to efficiency

In order to assess solar cell efficiency, it is helpful to consider the maximum pos-
sible efficiency available from a hypothetical device. Shockley and Queisser de-
veloped what is called the radiative efficiency limit [145], which is based on the
principle that any medium which absorbs light must also emit light, as stated
by Kirchoft’s law. This principle is called detailed balance, and means that the
maximum possible efficiency is achieved if the only allowed recombination is ra-
diative. Non-radiative recombination, the competing process, occurs, for example,
by interaction with defects in the material or by thermalisation by the release of
phonons. These processes serve to decrease the lifetime of the electron-hole pair;
the maximum possible lifetime is that of the radiative recombination process. The
Shockley-Quiesser (SQ) limit was developed for a single-junction solar cell at ther-
mal equilibrium, where the maximum efficiency is achieved when the solar cell has
a step absorption spectrum «o(E) = H(E — E,) where H is the Heaviside function,
i.e. no photons are absorbed at energies less than the band gap energy E,, and all
photons are absorbed above the band gap. In this discussion I will consider the
case of normal incidence on a flat solar cell, and ideal diode behaviour. A useful

way to focus on energy losses is to quantify the voltage loss, since efficiency is a
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more complicated metric, so I will focus on the limits to V,.[146].

Planck’s law describes the thermal radiation of a blackbody at temperature
T. Wiirfel extended this to the case of a semiconductor under applied bias V
[147], assuming an ideal diode with flat quasi-Fermi levels, such that the emitted

spectral photon flux density ¢(V, F) is given by:

21 E? a(FE)

oV, B) = h3c® exp|[(E —qV)/kT] — 1

(2.58)

where FE is the photon energy, h is the Planck constant, and c is the speed of light
in a vacuum. For the case of small applied voltage relative to the emitted photon

energy, such that £ — ¢V > kT, this can simplify to:

2 E? qV — F
o(V,E) ~ W@(E) exp ( T )
qV
2 B2 E
where ¢y, = e exp (_k‘_T>

opp, is the photon flux spectrum of a blackbody at temperature 7', emitting from
a flat surface. So eq. (2.59) describes the radiation of an ideal blackbody under
applied bias. In the radiative limit, only radiative recombination can occur, thus
a recombination current J. can be defined by J... = ¢®, where ® is the total

photon flux. Therefore in the SQ limit,

Jree,5Q = ¢ Psq

=q/0 o(V,E) dE

~ — | dE
q/Eg Pob €XP (kT)

If we consider thermal equilibrium, the applied voltage and the total current are

(2.60)

both zero. In this situation, the rate of absorption must be equal to the rate of
emission, so the photocurrent Jy,;, 5q is equal to the recombination current. Under

applied bias voltage in the dark, the photocurrent is unchanged so the total current
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is:
Jsq = Jrec,sq — Jbbsq

= q(®(V, E) - 9(0, E))

> qV
= 4B ) -1
1 Eg ¢bb |:eXp <kT) :|

From eq. (2.61) we can see that for the case of negative applied bias, Jsq ap-

(2.61)

proaches a constant value, called the dark saturation current Jygq:

JO,SQ = q/ beb dE (2.62)
Eg
If we now consider the case under illumination, we must include the short-circuit

current density Ji sq, thus:

v
JSQ = J07SQ |:6Xp (Z_T> - 1:| - Jsc,SQ (263)

The same step-function absorption applies, so the solar spectral photon flux inci-

dent on the solar cell (i.e. AML1.5), ¢gun, results in Js. gq given by:

o

JSC,SQ =dq Qbsun dE (264)
Eg
The open-circuit voltage Vi gq is determined by setting Jsq in eq. (2.63) to zero

and solving for V:

kT c
Voesq = — In Jse8Q +1 (2.65)
’ q Jo.sq

The difference between the ¢V, sq and the optical bandgap is a direct consequence
of reciprocity and radiative recombination and corresponds to an energy loss of
around 250 meV for a band gap of 1.18 eV under one sun illumination [27].

This discussion can be extended to more realistic scenarios by considering
an absorption spectrum which is not a step-function. Moreover, the process of
electrical transport can be considered as part of the detailed balance. Rau applied
the detailed balance formulation developed by Wiirfel to describe semiconductors
in devices such as light emitting diodes and solar cells [148]. Rau’s theory considers
the complementary pair of processes of light absorption followed by charge carrier
collection, and carrier injection followed by light emission. The maximum open-
circuit voltage in this limit is the radiative open-circuit voltage Vo rad-

If we extend the current density expressions above to incorporate a(E), as well
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as carrier collection (), which is defined by Q = aF,, where F, is the probability
that a generated electron-hole pair will separate and contribute ¢ to the device
current. In the SQ limit, Fi, = 1, and «(E) = 0 for photon energy E < E,, and 1
for E > FE,, where E, is the band gap of the material. When averaged over the
cell area, () corresponds to the external quantum efficiency (EQE) defined as the
number of electrons collected per photon of a particular wavelength incident on
the cell’s surface. Therefore the short-circuit current density of the device under

solar illumination is:

Jsc = Q/ EQE ¢Sun dE (266)
0

where we assume that non-radiative recombination is insignificant at short-circuit,
allowing us to use the value of Ji. from the current density-voltage curve. Similarly,

the radiative limit dark saturation current density Jy,.q can be written:
Jorad = Q/ EQE ¢y, dE (2.67)
0

and the radiative open-circuit voltage Vi rad 1s:

kT Jse
‘/oc,rad = 7 In ( + 1> (268)

0,rad

The difference between V. .q and the previously derived V,.sq is a conse-
quence of a finite absorption profile which is not a step-function; so we can call
it AVocans: We can understand this voltage loss further by considering the in-
terrelationship between the quantum efficiency and the electroluminescence (EL),
i.e. the excess photon emission under applied bias relative to the emission at ther-
mal equilibrium, by going back to eq. (2.59):

oLV, E) = EQE(E) ¢ [exp (%) - 1] (2.69)

This final relation is important because it allows for the indirect determina-
tion of EQE from the EL spectrum. Due to the type II heterojunction required
for charge separation (see Section 2.5.2), the lowest radiative state in an OPV
device is usually a charge transfer state at the donor-acceptor interface, and thus
is lower in energy than either the polymer or fullerene singlet states [107]. This
is significant because at 300 K, the blackbody radiation spectrum increases ex-
ponentially towards low energies, thus the radiative limit dark saturation current
Jo.raa is strongly affected by low energy contributions to the EQE spectrum. And
from eq. (2.68), the greater Jyyaq, the lesser Vicraq, thus illustrating the voltage
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cost in OPV devices of radiation from low-energy states.

Finally, in a similar vein, we can assess the difference between the radiative
open-circuit voltage and the actual device open-circuit voltage, which is the loss
due to non-radiative recombination. In order to do this, we first consider the
quantum efficiency of radiation, which we term the light-emitting diode (LED)
quantum efficiency Qrep = q®/Jinj, where @ is the radiation flux ¢py, integrated
over energy, and Ji,; is the injected current. Considering the case at Vi, and

taking the natural logarithm:

N q | EQE ¢y, dE [exp(qVoe/KT) — 1]

In Qrep (Vo) =1 T (2.70)
inj

Since we are considering V., the net current density is zero, and assuming that
Jse 1s equivalent to the photocurrent at Vi, then we have J(V,.) = Jinj — Jsc = 0.
Also substituting eq. (2.67), and using Js. > Joraa as well as kT < ¢V, we have:

In Qrep (Voc) ~

—~ q‘/oc +1n |:<]0,rad}

kT Jse
(2.71)
~ q‘/oc N q‘/oc,rad
kT kT
kT
" A‘/;)c,nr = Vocrad — %C ~ _7 In C2LED (272)

This final relation therefore directly links the voltage loss due to non-radiative
recombination AV, ,, with the LED quantum efficiency, which in organic solar
cells is typically approximately between 107 and 107¢ [109, 149], corresponding
to a loss of approximately 0.36 V for the case of Qrgp = 107%. By considering
the causes of non-radiative recombination we can start to attempt to minimise
this significant energy loss. For example, a higher charge transfer state lifetime
would decrease the voltage losses because in OPV the lifetime is dominated by
non-radiative recombination [150]. In addition, minimising the concentration of
potential recombination centres, such as impurities, could be beneficial. A further
dynamic consideration is that low charge carrier mobility means that the effect
of non-radiative recombination is further enhanced because the carriers cannot be
collected as quickly. The work I present in Chapter 4 uses this methodology to

probe possible differences in the degree of non-radiative recombination observed.
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Figure 2.19: Reflection and refraction of light at an interface of two materials with
refractive indices 11 and ne. 6; is the angle of incidence, 6, is the angle of reflection,

and 6; is the angle of refraction.

2.7 Light propagation in a solar cell

Thus far our discussion of electromagnetic waves and interactions with matter
have focussed on bulk properties. However a solar cell is a multi-layer structure
and therefore it is important to be able to describe the interaction of light with
interfaces, which is the focus of this section.

As we have already seen in Section 2.3, the electric field of an electromagnetic
wave propagating in the z direction may be described as E(z,t) = Egexp [z(k:z —
wt + 5)}, where we have introduced the initial phase §. Similarly, the asso-
ciated magnetic field B, which propagates in the same direction as F but in
the perpendicular plane if the light is polarised, can be described by B(z,t) =
Byexp [i(kz — wt + 6)]. The magnitude of £ and B are related through E = cB,
where c is the speed of light in a vacuum.

When light travels from a medium of refractive index n; to a medium of re-
fractive index ny at an oblique angle, some light is reflected, and some propagates
in the second medium, but is refracted and propagates at a different angle (see
Figure 2.19). It is trivial to show that the angles of incidence and reflection are
equal, that is 6; = 6., and that the angles of incidence and refraction are related
through Snell’s law:

n; sin 0; = 1, sin 0, (2.73)

It is possible to define two kinds of polarisation of light respective to the
interface: so-called s- and p- polarisation. p-polarisation refers to light polarised
such that the electric fields of the incident and reflected light oscillate in the

same plane, which is called the plane of incidence. s-polarisation is orthogonal to
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Figure 2.20: The definition of s- and p- polarisation. The plane of incidence is the

plane which is defined by the incoming and reflected propagation directions, and is

indicated by the rectangles. Light polarised in this plane is called p-polarised, which

is shaded above, and light polarised in the orthogonal direction is called s-polarised.

Figure adapted from [151].

p-polarisation (see Figure 2.20).

At the interface, the components of E and B parallel to the interface must

be continuous. This boundary condition allows us to determine the transmission

and reflection coefficients: t,,r, and ¢,, r, for p- and s-polarised light respectively.

Equations (2.74) to (2.77) are called the Fresnel equations.

E,
Ty = E,p
ip
Eyp

t, =
P Eip
E’I’S

rs =
E;
Ets

ts =
Eis

1 cos 8; — n; cos b0,

1y cos 6; + n; cos 6y

21; cos b;

1 cos 6; + n; cos 0,

n; cos 0; — 1, cos b,

n; cos ; + ny; cos O,

2n; cos b;

n; cos 6; + ny cos 0y

(2.74)

(2.75)

(2.76)

(2.77)

These coefficients in turn allow us to calculate reflectance and transmittance,

R, ) and Ty ,. Since the angles of incidence and reflection are identical, reflectance

is simple to define in terms of the intensities of the incident and reflected beams;

eq. (2.78) is the relation for Ry, and similarly R, = |r,|*>. For transmittance,

however, because the angles of the incident and refracted beams are different, it

is necessary to take the cross-sectional area of the beam into consideration. This
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Figure 2.21: A schematic of the transfer matrix method, showing a stack of m layers,
with light incident from the left. The forward and backward propagating electric fields

are indicated in each layer.

results in eq. (2.79) describing T, with the analogous expression holding for 7),.

2

Irs Ers 2
g = — = = s 2
R I ’ E, |75 (2.78)
Li,cosO, 1n;cosb; |E, 2 ngcosly o
T, = = —| = —=—|ts 2.79
Li;cos;, n;cos0; | B n; cos 0, ial ( )

The above discussion has been for one interface, but these expressions can be
applied to multilayer structures. The transfer matrix method has been developed
[152-154] as a simple way to calculate the reflection and transmission of a mul-
tilayer stack, as well as to calculate the electric field within layers. A schematic
illustrating the concept is shown in Figure 2.21; T will simplify the discussion by
assuming normal incidence (so any polarisation is equivalent) although of course
the angular component can be included. Light is assumed to be incident from the
left, and the ambient is labelled layer 0.

At each interface light is transmitted and reflected; we can consider an interface
between layer 7 and layer k. The reflection and transmission amplitude coefficients
for the jk interface are rj, and t;;. It is trivial from eq. (2.74) or eq. (2.76) to
show that ry; = —rj,. Furthermore, by multiplying out the expressions, it is
simple to show that t;,tx; + T]zk = 1. So we can consider expressions for the two

fields propagating away from the interface, that is:

E; = tjkE;r + T‘kjE];

(2.80)
E; = tk]E]; + TjkE;r

We can rearrange to obtain expressions for E;“’_ in terms of E;“_ and thus define
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I such that:

E' E’ 111 | |ES
2N I N — ! g (2.81)
_ _ ik _
E; E, Pl 1| |Ey
The other building-block matrix we must define describes the propagation of both

forward and backward fields within a layer, L:

E’ ES exp(—i2mnd;/\) 0 E/S
—L| "= ! ‘ (2.82)

E- E, 0 exp(—i2rnd;/\) | |E;

Then we can define an overall transfer matrix S such that:

E: E*
“l=s| ™ (2.83)
E, E.

It is evident that S is composed of I and L:

Sll Sl2

S = = (H I(vl)va> ) (2.84)
So1 - Sag v=l

For the case where light is incident on the ambient side, and reflected from the
back side, as in the case of OPV devices, E; ., = 0. So Ej = SE;,,, and

E; = SnE;. . and the reflection and transmission coefficients of the whole stack

are:
p— By _ S
Ef  Su
- ! h (2.85)
e L ——
Eg SH

In order to calculate the electric field in layer j of the device, the overall scattering

matrix can be divided into parts:
—_Qr.Qn
S = SjL] Sj
7j—1
here S’ = Iiy_1yvoly | Irizq1yi

S;.’ = ( H I(v—l)vL'u> I(m(m+1)

v=7+1
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(a) (b) (c) (d)
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Figure 2.22: Schematic showing the effect of phase difference §, —dy on the polarisation
of light. For simplicity, in these diagrams E,o = Eyg. Figure adapted from [151].

Using the same naming convention of eq. (2.84), the electric field within layer j

can be derived as:
E;(z) = E] (z) + Ej (z)

1y exp(—i2rn(d; — z)/\) + 5%, exp(i2mn(d; — x) /)
11971 exp(—i2mnd; /X) + 1555, exp(i2nnd; /N)

E; (287

The above formalism is called transfer matrix modelling (TMM); the McGehee
group at Stanford University has developed an open-source Matlab code [155]
which calculates the reflection and absorption per layer in a full device stack, as
well as the electric field in each layer. This then allows calculation of the maximum
available short-circuit current from a given device stack, and will be used later in
this thesis.

So far only linear (s and p) polarisation has been considered, but polarisa-
tion can be defined more broadly. A general electric field E(z,t) propagating
in the z direction can be resolved into x and y components such that E(z,t) =
|:E33,0 exp (i(kz — wt + 51))} X + [E%O exp (i (kz — wt + d,) )] y, where x and y are
unit vectors in the x and y directions respectively.

The polarisation can be defined simply by considering the relative phase dif-
ference 0, — d,. If 0, — d, = 0 or 7, then the light is linearly polarised, as shown
in Figures 2.22a and 2.22d. However if this is not the case, the light is elliptically
polarised (Figure 2.22b). A special case of elliptical polarisation is circular polar-
isation, when E,y = E,y and J, — 0y = 7/2 or 37/2 (Figure 2.22¢). Of course
light can also be unpolarised, in which case the oscillatory direction is completely

random.

Optical systems can be made up of many different components, and so, as
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for the case of TMM above, it is useful to define matrices which describe each
component or operation. The Jones vector is a useful way to keep track of the

resolved components of polarised light, where E(z,t) can be described:

E.exp(idy,)
E(z,t) = exp(i(kz — wt)) (2.88)

Eyoexp(id,)

Commonly only the relative changes are pertinent, in which case eq. (2.88)
would be normalised by intensity. Jones vectors are useful for describing polarised
light, but cannot describe unpolarised light. Another similar scheme, called the
Stokes parameters or Stokes vector, can be used instead; the definitions are shown
in eq. (2.89).

So =1, +1,

Su=tey (2.89)
Sy =1IT145 — 1 45

83 - IR - ]L

where I, I,, I,45 and I_45 are the intensities in the linear directions of z, vy,
+45° and —45° respectively. Ig and I, are the intensities of right- and left- cir-
cular polarisation. Therefore the Stokes parameters S;_3 describe the relative
polarisation in those three directions. The experimental technique of ellipsometry
(Section 3.4.2) uses changes in the polarisation of light to probe the refractive

index and thickness of thin films.






Chapter 3

Experimental Techniques

3.1 Device and film fabrication

This section describes the fabrication of devices and films used in this thesis; unless
stated, the methods described in this section were used to make the samples for
all the work in this thesis. I will start with describing the process for devices
for electrical measurements, and then describe the process for films for optical
measurements.

Figure 3.1 shows typical device architectures used: the term ‘conventional’
refers to a device with a top-cathode, whereas ‘inverted’ refers to a top-anode
architecture. Both architectures were used in this work. In both cases, the active
layer is sandwiched between a cathode and an anode, with the possible inclusion
of an electron-transport layer on the cathode side, and/or a hole-transport layer
on the anode side.

All films were made by solution processing in the ambient in a Class 1000 clean-
room, while electrodes were evaporated in an MBraun 200B glove box. Two dis-
tinct coating techniques were used for the solution-processed layers: spin coating
and blade coating. Spin coating is the workhorse technique of solution-processed
plastic electronics, and involves pipetting a solution onto a substrate which is held
in place on a chuck by vacuum; see Figure 3.2a. As the name suggests, the film is
formed by the chuck spinning at a pre-determined speed; the acceleration is also
controlled. The slower the spin speed, the thicker the film.

Blade coating, on the other hand, is less often used in the literature, but has
the advantages of being an inherently scalable technique which uses less than 50%
of the solution volume required for spin coating. A diagram of the apparatus is
shown in Figure 3.2b. The model I used in this work is a Zehntner ZAA2300.

The blade is free-standing, and there are multiple sizes available for differently
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(a) (b)
Cathode cap Anode
Cathode HTL
Active layer Active layer
: HTL ETL
Anode Cathode
PEDOT:PSS Zn0O or PEIE
ITO ITO
Glass Glass

Figure 3.1: Typical device architectures used in this thesis (a) conventional architec-
ture, (b) inverted architecture. In both cases solar illumination is from the bottom; ETL

is the electron transporting layer, and HTL is the hole transporting layer.

sized substrates. The height of the blade above the bed can be finely adjusted,
allowing for substrates of different thicknesses, as well as providing an additional
factor to control the film thickness. The blade is pushed along the bed by a
metal bar that is attached to the bed of the machine; the coating speed can be

! and is the main parameter for controlling

adjusted from 1 mms~! to 99 mms~
film thickness. Increasing the coating speed increases the film thickness, with the
caveat being that thicker films tend to be less homogeneous. Especially in the
case of relatively small substrates where the films need to be uniform right to
the substrate edge, dummy slides are used either side of substrate to eliminate
the inhomogeneity where the solution is pipetted at the top and the spill-back of
excess liquid at the bottom. There are no issues in increasing the substrate size;
apart from possibly slightly more solution being required, no change is needed
to the method. A final advantage to this film-coating method is that the bed
temperature can be controlled. The option to heat substrates allows for more
control over the morphology of the films, since the rate of solvent evaporation
can be changed. In addition, the wettability of the substrates can be increased
by increasing the temperature; this is especially helpful for making polymer-only
films which can sometimes present wetting issues.

All devices were made using pre-patterned indium tin oxide (ITO) on a glass

substrate, purchased from PsioTec. Unless stated otherwise, the substrates are

12 mm x 12 mm, with a single strip of ITO. Prior to coating the first film, the
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(a) (b)

~

Figure 3.2: Diagrams of the two coating techniques used in this thesis. (a) Spincoating

(b) Blade coating, with two dummy slides being used either side of the sample.

substrates must first be ultrasonicated in acetone for fifteen minutes to remove the
resist, and then ultrasonicated in isopropanol for a further fifteen minutes. They
are then dried and subsequently treated with a plasma asher for five minutes at
100 W in order to remove any remaining organic residues, as well as to increase
the surface energy to improve wetting. Immediately after treating, I coat the
first layer; this is typically poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) in conventional devices or either ZnO or polyethylenimine (PEIE)
[156] in inverted devices. Then I coat the organic layer, taking care to use an
orthogonal solvent. Finally I evaporate the top electrode in a glove box. The

specific coating parameters for the common interlayers are below.

PEDOT:PSS

We purchase PEDOT:PSS from Heraeus, formulated in water; specifically we use
the Clevios™ P VP AI 4083 formulation, which has a solids content of 1.3-1.7%,
and a PEDOT:PSS weight ratio of 1:6. I filter this solution using a 0.45 pm filter.
The film can be coated using either the spincoating or bladecoating technique.
To spincoat, I use the filtered solution as is, and for a standard 12 mm x 12 mm
substrate I use 40 pl. The spin speed is 2500 rpm for 1 minute, with an acceleration
of 10,000 rpm s~!. On the other hand, to blade coat, I mix the filtered solution
with isopropanol with a 1:3 mixture. I set the blade height to 150 pm, and the
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1 each with

bed temperature is 50 °C. I apply two consecutive coats at 7 mm s~
a solution volume of 15 pl. For both techniques, after coating the film, I anneal
the substrate on a hotplate at 140 °C for twenty minutes to eliminate any water
left in the film. The above processes both result in film thicknesses of about 10-15

nm.

Zinc Oxide

Zinc oxide films must be spincoated. The day before coating, I prepare the pre-
cursor solution of zinc acetate, using 219.5 mg zinc acetate dehydrate, 2 ml 2-
methoxyethanol and 60.4 pl ethanolamine (all purchased from Sigma Aldrich). I
set this solution to stir vigorously overnight at room temperature. To coat the
film, I spincoat 40 pl of solution at a speed of 4000 rpm, with an acceleration of
10,000 rpm s~!. I then anneal the substrate at 150°C for 10 minutes.

PEIE

We purchase polyethylenimine, 80% ethoxylated (molecular weight 70,000 gmol 1),
dissolved in water to a concentration of 35-40 wt.% from Sigma Aldrich. I further
dilute this solution with 2-methoxyethanol to a weight concentration of 0.4%. 1
made PEIE films by spincoating, using 40 pl of solution, with a spin speed of 5000
rpm and acceleration of 1000 rpm s}, for one minute. After coating, I anneal the

film at 100°C for ten minutes.

Once all the solution-processed layers have been coated, the substrates are then
transferred to the glove box, which maintains oxygen and water concentrations of
less than 0.1 ppm. The evaporator is contained within the glovebox and includes
an Inficon quartz crystal system to monitor electrode thickness. Unless stated
otherwise, the device area is 4.5 mm?, which is defined by the overlap between the
ITO strip and the electrodes, as shown in Figure 3.3; there are six separate pixels
per substrate, and sixteen separate substrates can be evaporated at one time. Once
I load the substrates and evaporation sources, I pump the chamber down to < 10~°
bar. The top electrode for inverted devices is typically molybdenum oxide (10 nm)
/ silver (100 nm), whereas for conventional devices typically I evaporate calcium
(10 nm) / aluminium (100 nm). Both materials can be evaporated consecutively
with no need to vent the chamber. Typically I target an evaporation rate of
0.1 —0.2 As! at the beginning of each layer, which can be increased after about

5-10 nm has been evaporated.
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T
ipe

Figure 3.3: Layout of a standard substrate with six 4.5 mm? devices. The bottom ITO
strip is shown as well as the top evaporated electrodes to illustrate the overlap which
defines the device area and is outlined by dashes. When measuring a device, the ITO

forms a common contact as illustrated.

Films for optical measurements are typically made on spectrosil or silicon. 1
purchase spectrosil from UQG Optics; its transmission is shown in Figure 3.4.
Silicon is purchased from IDB Technologies, and is N<100> type with a native
oxide and polished on one side. The wafers as-bought are 10 cm diameter, and
I then cut them to the size required. Both spectrosil and silicon substrates are
cleaned in the same manner as ITO substrates, before coating the required layer(s).

Often it is necessary to know the film thickness, for which I used profilometry on
either a Tencor Alphastep or Bruker DektakXT. Profilometry involves scratching
the film, taking care to remove all the coated material but leaving the substrate
unharmed. During measurement I drag the profilometer tip across the scratch to
obtain the vertical profile, giving the film thickness. It is necessary to make many
measurements at different points on the film to ensure any inhomogeneities are

accounted for.
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Figure 3.4: Typical transmittance of a spectrosil substrate, used for optical measure-

ments.

3.2 Steady-state device characterisation

3.2.1 Current-Voltage

I measure the current-voltage (J-V) curves using a Keithley 236 source measure
unit and a 300W Xenon lamp from Newport, which is fitted with an AM1.5
filter, and therefore provides 100 mWcm™2 AM1.5 radiation (one sun). I turn
on the lamp at least twenty minutes prior to measurement to warm up. I mount
the substrate to be tested in an airtight sample chamber, which maintains the
nitrogen atmosphere from the glove box. I position the chamber in the centre of
the beam, at a distance determined by calibrating with a silicon photodiode with
known current at one sun conditions. The current is scanned from —1.2 V to +1.2

V. In addition to a scan under illumination, I also measure dark .J-V's.

3.2.2 Capacitance-Voltage

As mentioned before, doping changes the electrostatics of a device and the be-
haviour of the device as a function of voltage due to the formation of a depletion
region. Therefore the capacitance as a function of voltage is a way to probe the

doping density as outlined in this section.

Expanding on the definition of capacitance in eq. (2.45) from Section 2.5.1, the
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differential capacitance is defined:

_ 4@

C =
dV

(3.1)
The response of capacitance to applied voltage can be understood by tracking the
number of carriers in the device as the voltage is varied. First we consider an
undoped device in the dark. At 0 V, the situation is as seen in Figure 3.5a, black
lines. In order for the device to be in equilibrium, there must be one constant
Fermi level through the device. Therefore electrons have flowed into the device
from the cathode, which has a higher Fermi level (or a lower workfunction) while
holes have flowed into the device from the anode, which has a lower Fermi level
(or a higher workfunction). Therefore there is a significant concentration of holes
by the anode, and a complementary concentration of electrons by the cathode;

however the total net charge in the device is zero.

Meanwhile, if the device is p-type, there is an excess of mobile holes and
stationary negative charges, resulting in a depletion region of width w being formed
(band diagram shown previously in Figure 2.16). This results in no net electric
field towards the anode and a strong electric field towards the cathode, and the

charge carrier concentration is as shown by the red lines in Figure 3.5a.

When a positive voltage is applied, the potential of the cathode is raised relative
to that of the anode, and there is a splitting of the constant Fermi level into two
quasi-Fermi levels: one for electrons and one for holes. The degree of splitting is
determined by the applied voltage. The effect of this is to flatten the slope of the
bands between the electrodes, meaning that electrons entering the device from the
cathode experience less of a barrier in getting through the device, and vice versa
for holes. Therefore, the gradient of logn,p vs w is shallower (Figure 3.5b, black
lines), indicating that more electrons make it through the device to the anode,
and vice versa. Also, the total number of free carriers in the device is higher than

the zero applied bias case.

The concentration of carriers in a doped device at small positive voltages is
similar to the case of zero applied voltage, except that the thickness of the depletion

layer is reduced.

When a large forward bias is applied, the device reaches a flat-band situation
where, as seen in Figure 3.5¢, the local concentration of holes and electrons through
the centre bulk of the device is equal, resulting in no local net charge, regardless

of the doping level in the device.

Relating these changes in carrier concentration to the total charge brings us to
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Figure 3.5: Charge density profile in a device for the case of (a) zero applied bias,
(b) small positive bias, (c) large positive bias, such that the device reaches flat-band
conditions. In (a) and (b), black lines correspond to an undoped device, whereas red
lines correspond to a doped device. The resulting depletion depth w is shown. In (b)
and (c), the case for an undoped device at zero applied bias is shown by dashed black

lines. The anode side is at d = 0 while the cathode is towards positive d.
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Figure 3.6: Example capacitance-voltage data (left panel) and resulting apparent
doping profile (right panel). The capacitance is determined by the rate of change of
charge. At reverse bias, there is little total charge density through the device, but as
the voltage increases towards the built-in voltage, the charge density increases, resulting
in increased capacitance. The maximum of the C-V curve corresponds to flat-band
conditions, when the charge density in the device is maximal. Black lines correspond to
a device with low doping (Napp &~ 2 x 10*® cm™!) while red lines correspond to a device
with high doping (Napp =~ 10'7 em™1); the values are taken from the minimum of the

Napp-d curve.

understand the change in capacitance through eq. (3.1) since @ = q(p — n). The
resulting dependence of capacitance on applied voltage for typical devices with

different doping levels is shown in Figure 3.6.

In a doped device, as opposed to an undoped device, band bending will mean
that the measurement will probe the depletion width if this is less than the total
film thickness. By rearranging egs. (2.44) and (2.45), it is evident that the apparent
doping density, N,pp, is proportional to the reciprocal of the gradient of 1/C?
plotted against voltage. This can be plotted against the distance x through the
device, as calculated using the static dielectric constant and the capacitance, using
egs. (2.45) and (3.2).

Napp () = _qj42 (dC’é{:p})*) h (3.2)

However, for these measurements to be valid, the devices must be thick enough
so that the experimentalist can be sure that the measurement is detecting the
depletion width and is not limited by the whole film thickness [157]. Kirchartz
did a range of simulations using a drift-diffusion model to calculate the level of

doping that would be measured in films of varying thicknesses, if the input level
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of doping was zero. He found that in thicker films there was less variance in
Nmin, the minimum apparent level of doping; in addition, the measured doping
concentration decreased with increasing thickness, saturating to the correct value
at high thicknesses (on the order of 500 nm). The higher the doping, the stronger
the effect on depletion width so the thinner the device could be, but in general in
this thesis I made devices that were as thick as possible, and the measured doping
densities were compared to the figures in [157] to ensure the numbers were not
artefacts.

Capacitance-voltage measurements were performed on a Schlumberger ST 1260
impedance analyser, at 1, 10 and 100 kHz. The voltage interval was [-3 V; +2 V],
with steps of 20 mV. The device architecture was the same as that used for solar
cells, with the only difference being the active layer thickness. The sample was

held in nitrogen atmosphere in the dark during the measurement.

3.2.3 Quantum efficiency

Quantum efficiency describes the number of electrons generated per incoming pho-
ton (external quantum efficiency, EQE) or absorbed photon (internal quantum
efficiency, IQE). EQE is more straightforward to determine, since it only relies
on knowledge of the light source spectrum. IQE however requires both the EQE
and the absorption spectrum of the active layer itself, which is more difficult to
determine because it can be affected by interference and interfacial effects.

I measured the EQE spectra in this thesis on an in-house set-up, comprising of
a Newport 300 W Xenon lamp, a CVI Instruments Digikrom 240 monochromator,
Bentham 218 variable frequency optical chopper and Stanford Research Systems
SR830 DSP lock-in amplifier; see Figure 3.7. This set-up has the advantage of
being able to measure a high dynamic range, such that the quantum efficiency
of the charge transfer state can be measured (see Section 3.4.4). I use a silicon
photodiode with a known quantum efficiency response to calibrate the system, and
the available wavelength range is 300 nm to 1100 nm. I use appropriate Thorlabs
long-pass filters at longer wavelengths to reduce the noise since the signal tends
to be low in this region. Therefore if the low signal, long wavelength range is of
interest, I perform the measurement in steps, with different filters for different
ranges of wavelength, ensuring overlap regions so that the data can be spliced
together accurately later; Figure 3.8 shows an example set of data, and Table 3.1
lists the filter configurations.

The samples are typically standard solar cell devices, which I measure in a

sample chamber under nitrogen atmosphere. The monochromator is masked such
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Figure 3.7: Experimental set-up of in-house high dynamic range EQE system. The
solar simulator is fitted with a Xenon 300 W lamp, which is reduced to one wavelength
by the monochromator. An optical chopper chops the light and serves as the input for

the lock-in amplifier, thus the current due to the monochromator light only is measured.
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Figure 3.8: Example of the step and glue process for EQE spectra. Fach colour is
measured with different filters, as listed in Table 3.1.

Table 3.1: The filters used during a high-range EQE measurement, which is performed
in steps. All filters are from Thorlabs.

Wavelength range (nm) Long-pass filter(s)

300 — 800 none
750 — 850 780
800 — 1000 780,850

950 — 1100 850,1000
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that the light spot is the same size as the standard pixel. I keep the sample at a
fixed distance from the monochromator, and align it by setting the monochroma-
tor to a visible wavelength and maximising the current measured by the lock-in
amplifier. I set the frequency of the chopper to about 270 Hz. At each wavelength

the current is sampled 25 times by the lock-in, outputting an average value.

As already alluded to, measurement of the internal quantum efficiency is a bit

more involved. IQE is defined as

IQE — EQE (3.3)

active layer absorption

It may be tempting to try to directly measure the active layer absorption by, for
example, depositing a nominally identical film on glass and directly measuring the
transmittance. However the photocurrent is strongly dependent on interference
effects [158] and so is very sensitive to small differences in film thickness, as well
as the nature of the interface. Therefore it is important to use the behaviour of
the actual device as much as possible. Since OPV devices have a reflective back
contact, the absorption of the device can be measured via the reflectance R, with
whole device absorption = 1—R. However the active layer is only one of potentially
many layers in the device, and so this approach still does not accurately reflect

the active layer absorption [159].

The parasitic absorption is defined as the absorption of all the layers apart
from the active layer. Therefore, the active layer absorption is equivalent to
1— R—parasitic absorption. R can be measured directly, using an ultra-violet vis-
ible (UV-Vis) spectrometer fitted with an integrating sphere (see Section 3.4.1).
The parasitic absorption cannot be measured experimentally, but can be mod-
elled using the transfer matrix formalism from Section 2.7 so long as the optical

constants of every layer is known.

While the transfer matrix model (TMM) can directly calculate the active layer
absorption, this approach assumes that the interfaces are perfectly planar, which is
not often valid. Limiting the use of TMM to only the parasitic absorption reduces
the error of the calculation [160], since the experimentally measured reflectance
takes the rough interfaces into account, and parasitic absorption is generally very

low.

Ideally the exact same devices would be used for the EQE measurement and
reflectance so that sample variation is not an issue. However in practice, this
requires a very large device area due to the configuration of the integrating sphere

in the UV-Vis spectrometer, which was impractical for the devices measured in
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this thesis because the current collected was too low to get a good EQE spectrum.
So I compromised and in one evaporation made devices with small areas for the
EQE measurements, and devices with large areas for reflectance measurements; I
made all the devices using the same coating parameters, and measured repeats to

ensure that the sample-to-sample variation was low enough to justify this method.

3.3 Charge Extraction and Transient Photovolt-
age

Charge extraction (CE) is a technique which is used to measure the density of ex-
cess charge carriers in a working solar cell [161]. The set-up uses a ring of twelve
white light emitting diodes (Lumileds Luxeon), whose brightness is controlled
by a power meter. I calibrate the set-up to one sun conditions by performing
a light intensity calibration, which involves switching between open-circuit and
short-circuit conditions, in order to determine the light intensity required to si-
multaneously match the Js. and V. previously measured using a solar simulator.
Due to the different absorption characteristics of different photovoltaic blends,
the light intensity required to generate the charge density to match one sun con-
ditions is variable, but it can be assumed that if the J,. and V,. are matched then
the charge density and corresponding charge dynamics are well represented. In
addition, I take care during measurements to avoid heating up the device.

In order to measure the charge density, the device is held at a certain bias
(most usually at short-circuit or open-circuit, although any point along the J-
V' curve can be accessed) under a light bias for a few hundred milliseconds, in
order to reach an equilibrium but without heating up the device, before the light
is turned off and simultaneously the device is switched to short circuit and the
charge is collected using an oscilloscope (Tektronix TDS 3032B) (Figure 3.9). I
take care to tailor the duration of charge collection to ensure that all the possible
charge is collected; I monitor the integrated transient to ensure that it reaches a
plateau. I repeat this process for a range of light intensities, so that I can monitor
the rate of increase of charge density with quasi-Fermi level splitting, i.e. the V.,
which gives information about the density of states. I should note that the charge
density measured is not the total charge density in the device, but the excess
relative to the density in equilibrium in the dark. Furthermore, this measurement
cannot access any spatial variations within the device, and thus gives the average
excess charge density.

It should be noted here that we must apply two corrections to the raw data
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Figure 3.9: Diagrams showing the principles of the charge extraction experiment. (a)
The experiment schematic, including (left to right) the power supply, the LED MOSFET
(red box), LED light source, solar cell, current collection MOSFET (blue box) and 50
Q resistance, and oscilloscope (green box). The graphs show the switching behaviour
of the two MOSFETS (red and blue), and the measured charge transient (green). The
LEDs are on for a few hundreds of milliseconds while the cell is held at open circuit; then
the light is turned off while the current collection MOSFET is simultaneously turned
on, switching the cell to short-circuit, and the current is collected over enough time to
ensure that all excess charge from the device has been collected. (b) Schematic showing
how charge extraction can probe the density of states; the greater the light intensity,
the greater the Fermi level splitting, so the greater the amount of collected charge. Two
light intensities are indicated, the darker colour representing the higher light intensity.

Figures adapted from Thomas Kirchartz and Andrew Telford.
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in order to get a good measure of the charge density present in the device during
illumination [161]. Firstly, the electrodes will act as capacitors and as such store
a finite amount of charge. We can estimate the charge stored due to electrode ca-
pacitance (eq. (3.4)) using the device thickness d, as measured with a profilometer
after measurement, the electrode area A and the device dielectric constant gge;;
the relative dielectric constant e, of polymer:fullerene blends is assumed to be
3.8. The stored charge density is typically approximately an order of magnitude

smaller than the extracted charge and therefore this correction is relatively minor.

o AV
d

Qeap = CV = (3.4)

The second correction we must apply is to account for any charges which have
recombined prior to being extracted; in order to apply this correction we must
know the charge carrier lifetime (e.g. by measuring using transient photovoltage,
described below). We use an iterative procedure which uses the raw measured
charge density and the carrier lifetime to calculate the charge density expected to
have recombined; we then calculate a new total charge density which serves as the
input for a new iteration. The method is described in more detail in [161]. The

resulting charge density follows an empirical exponential relationship to V., such

that: v
Noe = Mo €XP (rizko%) (3.5)

where ng and m are fitted parameters; m gives an indication of the shape of the
density of states, since it describes the relationship between the rate of growth of

charge density with increasing Fermi-level splitting.

At short-circuit, drift current dominates over diffusion current due to the strong
electric field, so Jy. ~ Jaug. The drift current can also be related to the charge
mobility through [134]:

Vhi

Jaritt = q s f(0) p

(3.6)

where p is the drift mobility, ng. is the charge density at short-circuit, V4, is the
built-in voltage, d is the device thickness, § is the reaction order, and f(§) =
(24 0)(1 +28)/(1 + 6)%. Charge extraction can be performed at short-circuit,
so can be used to measure ng, and therefore the charge mobility. V4; is typically
taken as the voltage at which the photocurrent is zero, where the photocurrent is
defined as the difference between the light and dark currents. The reaction order
is given below in eq. (3.12), and is determined from the parameters which describe

the relations between the charge density and charge lifetime with respect to the
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open-circuit voltage. f(d) is a correction factor which takes into account the effect
of tail states [134].

Transient photovoltage (TPV) is a complementary technique which we conduct
using the same experimental set-up as charge extraction, with the addition of a
pulsed laser [162] (here I used a GL-330 PTI nitrogen laser pumping a GL301
PTI dye laser, frequency 4 Hz, pulse duration ~ 1 ns). During measurement,
I hold the device at open-circuit, using an oscilloscope with 1 M2 impedance,
under a certain light bias from the LED ring, and pulse the laser which generates
a small perturbative photovoltage (typically approximately 20 mV) due to the
excess carriers generated (see Figure 3.10). The laser is directed at the device using
an optical fibre with a large aperture, which ensures homogeneous illumination of
the device. Since the device is held at open-circuit, there is no option for the
laser-generated carriers but to recombine, and the photovoltage decay follows a
single exponential. I fit this to obtain V{, the peak perturbation voltage, and 7a,,
the decay lifetime. An denotes that this is the small perturbation lifetime, as
opposed to the full lifetime 7,, which will be derived later. 7a, is plotted as a
function of V., and I fit the resulting line to find the empirical parameters ¥ and

Tano as follows:

Voc
TAn = TAno €XP (—ng) (3~7)

An alternative method to measure the charge density in the device is differential
charging [162], which uses the same set-up as TPV, but where we perform an initial
transient photocurrent (TPC) measurement to measure the charge injected by the
laser pulse; this measurement is analogous to a CE measurement, but where the
excess carrier density AQ) injected by the laser pulse only is extracted relative to
the background light intensity, which we typically vary between 0% and 50% of one
sun. There is typically very little variation between the injected charge at different
background light intensities, and so we take the average of the measurements. We
use this charge, AQ, and the corresponding initial photovoltage, AVj, to calculate

the capacitance, C, induced in the device as a function of V.:

_8Q

C =
AV

(3.8)

Note that there are two possible ways of obtaining AVy: the simplest is to
simply read off the maximum of the V(¢) graph, but the data in this region is
often noisy and subject to the response of the oscilloscope. And so an alternative
method is to use the projected V(0) from the fit of the rest of the exponential.

During data analysis, we can compare both methods in terms of how well the
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Figure 3.10: Diagrams showing the principles of the transient photovoltage experi-

ment. (a) The experiment schematic, including (left to right) the laser, LED power
supply, LED light source, solar cell (red box), and oscilloscope (green box). The solar
cell is held at open circuit throughout the experiment. The laser provides a small per-
turbation to the light intensity impinging on the solar cell (graph in red box), which
results in a small perturbation in the solar cell open-circuit voltage, measured by the
oscilloscope. The graphs in the green box show the measured voltage and resulting
voltage perturbation AV. (b) Schematic showing the perturbation effect on the density
of states: the background light intensity results in a steady-state population of charge
carriers while the laser excites a small number of excess carriers (darker colour). Figures

adapted from Thomas Kirchartz and Andrew Telford.
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fitted parameters reproduce the V,.(¢) data using eq. (3.21). Note also that the
geometric capacitance of the electrodes, C' = gpe,A/d as before, also contributes
to the capacitance and must be subtracted to obtain the capacitance of the active

layer only.

Again, I perform the measurement at many light intensities, resulting in the

relation between the capacitance and V.:

C = Cyexp (nVye) (3.9)

We fit the empirical parameters n and Cy to the data. The charge density ng.
is proportional to the integral of the capacitance with respect to voltage as in

eq. (3.10), where A is the cell area and d is the device thickness.

1 Voc
Noe = A_qd ; cdv
(3.10)
1
- —(C-C
n< 0)

Once we evaluate n..(V;.), we can use the same empirical relationship introduced

before (eq. (3.5)) to can fit the parameters m and ny.

Now we can derive an expression for the full lifetime 7,,. The reaction order §

defines the power law of the recombination current J [163]:

_ A (3.11)

J=— =
dt

where kg is the charge density dependent steady state rate constant. Since recom-
bination current can also be written as J = n/7, we can determine the reaction

order from the parameters we've already introduced, namely:
m
0=—+1 3.12
o (312

Note that the empirical reaction order determined from the CE/TPV experiments
cannot necessarily be interpreted as the reaction order of recombination, since it
can be affected by spatial inhomogeneities in charge density through the device,

which is particularly an issue for thin devices [164].

We can define k¢, to be the transient rate constant:

dAn
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This small perturbation represents the difference between the transient measure-

ment and steady state conditions, therefore:

dAn _ _ s 5
A
~ kn® (1 +(9) —”) — kn?
n
= kon’'An (3.14)

Now that we have developed expressions for the recombination rate, we can derive
the recombination lifetime, which is defined using dn/dt = n/7, and dAn/dAt =
An/Tap. Thus:

1
T = 5 (3.15)
I (3.16)
Tan = sno-1 '
" Tn = O0TAn (3.17)

Now it is useful to combine these relations (egs. (3.5), (3.7), (3.12) and (3.19)) to

obtain an expression for 7, as a function of n.

mkT 9
i
- VOC
exp (—5%)
(3.18)

_ Mg  TAno

TAn
B 5n8_lTAn0
— -

57‘An0n8_1

So once we perform both the excess charge carrier density and the charge carrier
lifetime measurements as a function of V;., we can plot 7(n), which is the carrier

lifetime independent of effects due to the density of states. We can also now
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express the open-circuit voltage as a function of the parameters derived from
these experiments by considering that at open-circuit, the net current is zero, so
the recombination current J;.. equals the generation current Jge,. Furthermore, we
can assume that the generation current is approximately given by the short-circuit
current density, which assumes that at short-circuit, negligible current density

recombines before being collected. Under these conditions, we have:

nOC

Jrec(‘/;)c) =ed

~ Jy 3.20
o (3.20)
Using egs. (3.5), (3.12) and (3.19), we can re-arrange the above to find an ex-
pression for V,., as a function of the experimentally-determined parameters [165,
166]:

KTOm | JuTanyd

V;)c -
q(m + 9) . qdny

(3.21)

Equation (3.21) therefore describes the expected behaviour of V,. as a function of
Jse, if the assumptions made during the analysis, particularly that non-geminate
recombination is the primary loss mechanism, are valid. The Js. and V,. can both
be measured as a function of light intensity; the comparison between the experi-
mentally measured V. and the V,. calculated using eq. (3.21) provide a validation
of the derived parameters, while confirming that non-geminate recombination is

dominant.

3.4 Steady-state spectroscopy

3.4.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible absorption (UV-Vis) is a popular preliminary assay for new
materials. The absorption of either a film or a solution can be measured, and by
comparing absolute values the absorbing strength of the material can be probed.
It can also be used to assess the shape and peak of the optical absorption of the
material, by looking at the absorption peak wavelength and the dependence of the
spectral shape to environmental conditions such as temperature or solvent. The
UV-Vis spectra of a material in solution and in a thin film can also be compared;
differences in, for example, the structure of the peaks can provide hints to the
material microstructure.

I used two different UV-Vis spectrometers for different purposes: a simple
reference system (Shimadzu UV-2550) for solution measurements, and a system

with an integrating sphere (Shimadzu UV-2600) for film measurements; the two
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(a) (b)
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Figure 3.11: Configurations of the two ultraviolet-visible spectrometers used in this
thesis. (a) The configuration used to measure solutions, where the absorbance of the
sample is calculated as the difference between the absorbances of the sample and ref-
erence beams. (b) The configuration used to measure film absorption and reflection,
including an integrating sphere. The configuration of the integrating sphere can be

altered to measure different quantities (i.e. transmittance vs. reflectance.)

configurations are shown in Figure 3.11. The UV-2550 system can measure the
transmittance of films, but due to scattering and interference effects, relying on
transmittance to provide absolute information about absorption is not recom-
mended. However for solution measurements, since I use an identical cuvette
containing the same solvent as the sample as the reference, there is no additional
scattering from the sample cuvette relative to the reference and so the data can

be used to provide an absolute absorption measurement.

Thus far I have discussed transmittance and absorption without defining them

nor outlining the relations between them. Transmittance 7" is defined by:

I
Transmittance =T = T (3.22)
0

where [ is the final light intensity and [ is the initial light intensity. Meanwhile
the absorbance, or optical density OD, is defined by

I

Another helpful quantity is the decadic extinction coefficient e, which is the

material-dependent absorption, usually in units lmol= cm™1:

I = I107= (3.24)
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In eq. (3.24), ¢ is the concentration of species (usually in solution) and d is the
measurement path length; € is helpful for comparing the magnitude of absorption
in solution, but is less useful in films. Since polymer molar mass is not well defined,
an alternative metric is required when measuring polymers. The visible transitions
of polymers involve the m-electron system, so the more m-electrons per volume the
greater the expected absorption (c.f. the oscillator strength sum rule eq. (2.30)).
Therefore it is appropriate to normalise the absorption by the concentration of
m-electrons, instead of for example by the molar mass of the monomer unit, since
this would favour polymers with larger repeating units.

The number of m-electrons actively participating in the optically active -
system can be debatable however, since aromaticity is not well-defined for multi-
ring structures. Table 3.2 lists the number of m-electrons per unit that I used for
normalising absorption data.

Often in the literature, the solid-phase absorption coefficient «a, typically in
units cm ™!, is quoted; this is measured from a UV-Vis measurement by assuming

Beer-Lambert, i.e. ignoring interference effects, such that:

I = Lye (3.25)
a can be related to x, the imaginary part of the refractive index by:

o= — (3.26)

In order to ensure good signal into the UV range, down to the minimum wavelength
of the spectrometer (190 nm), I used spectrosil cuvettes purchased from Hellma for
solution measurements, and spectrosil substrates puchased from UQG Optics for
film measurements. The transmittance data for spectrosil was shown previously

in Figure 3.4.

3.4.2 Ellipsometry

Ellipsometry is an experimental technique which involves measuring changes in
polarised light which is reflected off the material being measured [151]. The ex-
perimental set-up is shown in Figure 3.12. Ellipsometry is typically used to de-
termine the complex refractive index of a material, and thickness of a thin film.
Furthermore, the technique can be used to investigate vertical changes in compo-
sition [70] and anisotropy [167]. The experiment measures the change in phase, A,

and the ratio of initial and final amplitudes, 1, between s- and p-polarised light
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Table 3.2: The number of 7-electrons counted per polymer subunit.

Name Abbreviation  Chemical structure Number of
m-electrons, N,

S
Thiophene T \@/ 6
S
Thienothiophene TT \ / \ 10
)
O
HN
Diketopyrrolopyrrole DPP SN 10
NH
(0]
NN

Benzothiodiazole BT i\ /f 10

Fluorene F 0.0 12

Cyclopentadithiophene CPDT / \ 12
S S
Ha
Si-cyclopentadithiophene Si-CPDT / \S' T\ 12
s s
N
Carbazole CZ 14
Indacenodithiophene IDT { . 'Q s 18
/
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Polariser

Rotating
Analyser

Source

Detector

Figure 3.12: Schematic of a typical ellipsometer. The initial polarisation is linear,
and upon reflection the relative amplitudes of the s and p components has changed
(U); in addition the relative phases have shifted resulting in elliptical polarisation. The
ellipsometer configuration is a rotating analyser ellipsometer with compensator, which
is the set-up used in this thesis. Figure adapted from Introduction to Spectroscopic
Ellipsometry [151].

upon reflection off the sample. The wavelength of the light as well as the angle of
incidence can be varied to obtain enough data to adequately describe the system;
this mode of ellipsometry is called variable angle spectroscopic ellipsometry, or
VASE.

After acquiring data, the experimentalist must then construct an optical model
and then attempt to fit the data; assuming a good fit can be reached and the model
is appropriate, the complex dielectric function can be derived. However, this
indirectness is the principle disadvantage of the technique, since prior knowledge
is needed of the system in order to acquire meaningful data. Fortunately, there is
a long history of doing ellipsometry on organic systems [168, 169], which provides

a context to validate any results.

The principles of s- and p- polarisation were introduced in Section 2.7, and
this framework shall be expanded here. First, I will explain the individual optical
elements involved in measurement. As shown in Figure 3.12, the components
involved in measurement are a polariser, compensator and analyser. A polariser
and analyser are essentially the same element, but a polariser is placed before
the sample and polarises the light impinging on the sample, while the analyser
is placed after the sample and allows measurement of the light intensity at a

particular polarisation. A polariser which transmits only the electric field oriented
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in the x direction, for example, can be described by a Jones matrix:

P=A-= (3.27)

A compensator induces a phase shift § between E, and E,, such that the corre-

sponding Jones matrix is:

1 0
C = (3.28)

0  exp(—id)

Both polarisers and compensators exploit materials which exhibit optical anisotropy,
which means that their refractive index is different along different axes; this is also
called birefringence. Typically these materials are crystals; some common exam-
ples are CaCO3 and MgFs.

The Fresnel reflection coefficients are generally complex numbers, and can
be rewritten in polar coordinates, such that s-polarised light can be written
rs = |rs| exp(id,s); similarly r, = |r,|exp(id,,). Therefore the definitions of the

ellipsometry coordinate space (¢, A) are:

tan) = s (3.29)
s
A=6,,— 6, (3.30)

so 1,/1rs = tany exp(iA), and 1 is associated with the refractive index n, while
A is associated with k. Most samples measured using ellipsometry are thin film
samples on a substrate, and so if the refractive index of the thin film is not known,
the refractive index of the substrate must be. In this way multi-layer structures
can be built up, where each successive layer is analysed on top of known layers. In
addition, it is good practice to measure films on substrates with different refractive
indices, such as spectrosil and silicon, and also to measure the film thickness using

another method to cross-check.

The general protocol in this thesis was, for each material being studied, to
make five films: three on spectrosil and two on silicon, where each film was a
different thickness. After we took the data, we measured the film thicknesses

using a profilometer, and this measurement served as the starting point for the
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modelling.

As standard, the model we choose for the spectrosil substrate is a modified

Cauchy relation with no absorption:

=A+—+ = 3.31

n + \ + e ( )

where A, B and C are fitted parameters, whose values are shown in Table 3.3.

The silicon substrates have a native oxide, so must be modelled as two layers.

The bottom silicon layer is modelled by a Forouhi interband model [170], with the
values in Table 3.4:

- B,E+C,
n(E)=Not ), (E—BE+C,

_ A(E — Eg>2
w(E) =) (E— B,)E + C,

where: ( )
3.32
A B?

qua <—7+EgB—E§+C)

Q = 0.5V/4C — B2

A B

The native oxide is modelled by the Tauc Lorentz model [171], whereby the imag-

inary part of the dielectric function e, is:

AE,C(E — E,)? 1

—, ifE>F
(B? _E324 CPE2E 07
eo(F) = (3.33)
0, otherwise
and the real part e is:
2, [ &l§)
a@)=a@ﬁ+;Png_Eﬂ§ (3.34)

where E;, A, C, Ey and €1 (00) are the fit parameters, and P is the Cauchy principal
part of the integral [172]. The bare silicon substrate is first fit to determine the
thickness of the oxide layer, which is typically approximately 1 nm.
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Table 3.3: Parameters used in eq. (3.31) to model spectrosil.

Parameter Value
A 1.444
B 3.682 x 1073
C 3.098 x 10~°

Substrate

-.
..

Figure 3.13: Flowchart showing the fitting protocol used generally for thin organic

Known n,x

films on a substrate of known refractive index.

The model we choose for pristine organic materials is a standard critical points
model [173], which is defined:

€(E) =UV — zn: Aj exp(z'qu)(Ecp’j — F+ Y:Pj)_l (335)

J=1

where j is the number of peaks, each described by the set of parameters, A;, ¢;,
E,; and I'j, with UV being a final fit parameter. The fitting algorithm we use
is Levenberg-Marquardt, and the general fitting procedure is to first fit the scan
at the angle of incidence which gives the greatest range in data values, keeping
the film thickness set to the value measured by profilometry, and then allow the
film thickness to be a free parameter, and then simultaneously fit all scans with

all film parameters free; a flow chart is shown in Figure 3.13.

To model blend systems, we use the Bruggeman effective medium approxima-
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Table 3.4: Parameters used in eq. (3.32) to model silicon; the numeric subscripts refer

to distinct peaks.

Parameter Value
Noo 1.95
E, 1.06
Ay 4.05 x 1073
B 6.885
C 11.86
A, 1.427 x 102
By 7.4010
Cy 13.75
Az 6.83 x 1072
B3 8.634
Cs 18.81
Ay 0.1749
B, 10.65
Cy 29.84

Table 3.5: Parameters used in eq. (3.33) to model the native SiOg on the silicon

substrate.

Parameter Value
er(00) 1.95
E, 1.06
A 4.05 x 1073
Ey 6.885

C 11.86




3.4. Steady-state spectroscopy 89

tion, defined by:
€1 — (€)
€1+ 2<€>

g9 — (€)

0=171 o+ 2(0)

+(1—f) (3.36)

where f is the volume fraction of material 1, ;o are the dielectric functions of
materials 1 and 2, and () is the effective dielectric function of the blend. The
fitting parameters for the blends are then merely the film thickness and the volume
fraction. So the fitting protocol I used was to simultaneously fit all incidence angle
scans, letting both parameters be free, using the profilometer-measured thickness
as a starting point. As a reality check for both pristine and blend films, we com-
pared the derived complex refractive index spectra to UV-Vis measurements, to
ensure that the spectra were consistent in terms of peak position. In addition,
by measuring multiple samples at different thicknesses, we could verify the con-

sistency of the derived dielectric function.

3.4.3 Photoluminescence

Photoluminescence is similar to electroluminescence, but instead of populating
excited states through electron injection, they are photoexcited. The set-up I
used for the work in this thesis uses a 483 nm laser and the same InGaAs detector
used in electroluminescence. We use a ThorLabs longpass filter to block any
reflected laser beam; the second harmonic is typically in the region of interest for
organic films and so can often be seen in spectra. We use the minimum laser power

required to get ample signal.

3.4.4 Electroluminescence and voltage losses

Electroluminescence is the phenomenon whereby a device emits light when car-
riers are electrically injected into it by applying a forward voltage bias. Any
light emitted due to the radiative recombination of these charges can be analysed
with respect to relative intensity and spectral position to gain information on the
available energy states in the device. By reducing the applied bias, and therefore
decreasing the energy of the injected electrons, the lowest energy states in the de-
vice can be selectively probed. On polymer:fullerene films, therefore, it is possible
to directly probe emission from the charge-transfer state, which is lower in energy
than either of the blend component band gaps [107]. Therefore, this technique is
extremely useful when trying to elucidate the energy losses of OPV systems. It
is worth noting that the bias in EL towards low energy states is in contrast to
the situation in photoluminescence measurements, where the bias is towards the

states which absorb most strongly.
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I generally measured working solar devices to collect electroluminescence data;
the devices were usually held in a sample chamber under nitrogen although oc-
casionally I used encapsulated devices. We use a Shamrock 303 spectrograph
combined with an iDUS InGaAs array detector cooled to —90 °C. The spectra
are taken at the lowest possible injection current densities for high enough signal

to noise, typically around 40 to 700 mA cm™2.

The detector is calibrated using
a silicon photodetector with a known response. Typically we take measurements
using a 10 s integration window, which strikes a balance between getting enough
signal but not subjecting the device to relatively high current densities for too long
a time, which heats up the device and can cause degradation. The detector has
two possible slit widths, 500 pm and 2500 pm; in both cases the data are taken
with a series of overlapping windows which are then glued together to obtain the
full spectrum, which is typically from 600 - 1800 nm. The narrower slit width
allows for better resolution of the data, but worsens the signal to noise ratio so is
not always appropriate if, for example, the system is a poor emitter. The back-
ground is measured for every integration time window used to collect data, and is
subtracted from the raw data, which is then multiplied by the correction data.
Our EL set-up does not measure absolute photon fluxes, but rather relative
fluxes are determined which assumes that given the geometry of the system, the
detector collects a fixed fraction of the emitted light. In order to use the EL
spectra for voltage loss analysis, an EQE spectra must also be measured which
overlaps with the EL spectral range. An EL spectrum can be converted to a
quantum efficiency through eq. (2.69), and this spectrum is then multiplied by
a scaling factor such that the EL and EQE spectra overlap. In this way the
effective EQE spectrum can be extended beyond the range of our EQE set-up,
over approximately 12 orders of magnitude. Then egs. (2.67) and (2.68) can be

applied to calculate Jy,aqa and therefore Vi ad.



Chapter 4

Understanding voltage losses in
indacenodithiophene-based solar

cells

4.1 Abstract

In this chapter I present an analysis of the parameters affected by fractionation
of an IDTBT polymer. When comparing the non-fractionated polymer with the
high molecular weight fraction, I find that the degree of non-radiative recombina-
tion is decreased by fractionation. Concurrently, the charge carrier recombination
lifetime increases. The charge carrier mobility is not strongly affected by fractiona-
tion, so the mobility-lifetime product, a measure of the charge collection efficiency,
is higher in the high molecular weight device. I found no effect on the absorption
strength of the polymer, nor on the apparent doping in blends. Therefore I con-
clude that the enhancement in solar cell performance of the high molecular weight
devices is due to the reduced recombination and therefore higher charge collec-
tion efficiency. A possible explanation is a decreased concentration of impurities

and/or chain ends which may act as recombination centres.
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4.2 Introduction

I previously discussed the limits to solar cell efficiency, specifically examining the
limits to the open-circuit voltage (Section 2.6). The maximum possible V. of
a real device with a finite absorption spectrum is when the only recombination
is radiative; this value is termed the radiative open-circuit voltage V¢ aqa. The
difference therefore between this value and the measured device V,. is due to
non-radiative recombination and represents a loss; I call this difference AV, ;.

Non-radiative recombination losses in organic photovoltaic devices are typi-
cally very high, with radiative quantum efficiencies typically around 107 to 10~¢
[109, 149]. The voltage loss due to non-radiative recombination is typically ap-
proximately 0.35-0.45 V in high-performing organic solar cells, whereas for some
inorganic solar cells this value can approach zero [27]. Therefore it is of inter-
est to investigate the sources of non-radiative recombination, in order to try and
avoid this loss. Proposed factors which may enhance non-radiative recombina-
tion include the concentration of impurities or possibly polymer chain end-groups
which act as recombination centres, and/or low charge mobility, which inhibits
the charges from being collected efficiently before they recombine. Both of these
factors may be influenced by the molecular weight and/or polydispersity [174] of
the polymer used in OPV, and so here I focus on assessing the impact of molecular
weight on Vie .

To this end, I studied a batch of an indacenodithiophene (IDT) copolymer
which was fractionated; the molecular structure of the polymer is shown in Fig-
ure 4.1. IDT copolymers are interesting because they have shown promising field-
effect transistor mobilities and solar cell performance [124, 175-178]. Enhanced
coplanarity of the polymer backbone has been hypothesized to lead to reduced
energetic disorder [179, 180]. IDT-co-benzothiadiazole (IDTBT) polymers have
achieved up to 6.5% PCE with device optimization and material purification [181],
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Figure 4.1: Chemical structure of 2-ethylhexyl-indacenodithiophene-co-
benzothiadiazole (IDTBT) studied in this chapter.

Table 4.1: The molecular weights of the non-fractionated material (IDT-NF) and the
high molecular weight fraction (IDT-HMW). M,,, M,, and PDI are the number-average

molecular weight, the weight-average molecular weight and the polydispersity index

respectively.
Polymer M,, (kgmol™1) M,, (kgmol™!) PDI
IDT-NF 27 70 2.6
IDT-HMW 88 130 1.5

and will be the particular system to be studied in this chapter.

The work presented in this chapter was done as part of a collaboration with
Dr Derya Baran at FAU Erlangen, and our combined results were subsequently
published in the Journal of Physical Chemistry C [149]; any content is reproduced
here with permission, copyright 2015 American Chemical Society. However this
chapter contains only my data, and so varies slightly from the published version.
Furthermore there were some issues with device performance variability so to keep
the discussion simpler, I will focus on comparing the non-fractionated batch (NF)
with the high molecular weight fraction (HMW). The paper included an additional
low molecular weight fraction.

The molecular weights and polydispersity indices of the two materials used are
displayed in Table 4.1, and the gel permeation chromatography traces are shown
in Figure 4.2.

Throughout the course of the study, multiple batches of devices were made with
different coating parameters and J-V curves recorded as the processing conditions
were being optimised. Regardless of the precise coating conditions, in each batch

the best-performing individual device was a HMW blend, and in all but one batch,
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Figure 4.2: Gel permeation chromatography results for the two polymer materials
studied in this chapter and tabulated in Table 4.1. IDT-HMW is shown by blue triangles
and IDT-NF by black squares. Retention time is normally expected to be inversely

proportional to the logarithm of the molecular weight.

the highest substrate average was a HMW blend as well. Table 4.2 displays the
best performing devices and substrates for each blend; the experimental conditions
of each batch are described in Section 4.6. The variations between batches were
as a result of processing conditions: different solution concentrations and coating
speeds, resulting in different thicknesses and perhaps film morphology. Figure 4.3
shows current density-voltage data of the best-performing devices of each blend,
both from batch 4, and Table 4.3 shows the corresponding performance parame-
ters.

The purpose of this chapter is to clarify which factors are affected by fraction-
ation, in order to explain the performance improvement observed in the HMW
blend. Specifically we find that recombination and charge carrier dynamics are
particularly affected. I probe these characteristics using an analysis of voltage
losses (Section 4.3.3) and the combined transient photovoltage and charge extrac-
tion techniques (Section 4.3.4). Unfortunately it was not possible to perform all
the characterisation experiments on the same batch of devices, so the voltage loss
data I present is on devices from batch 3, while the transient photovoltage data is

on devices from batch 4.
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Table 4.2: IDTBT solar cell performance across multiple device batches, quantified
by power conversion efficiency (PCE). Each substrate has six individual devices, and
generally different substrates within a fabrication batch had different coating parame-
ters. Therefore for each batch, it is only appropriate to average across one substrate.
Tabulated are the substrate with the greatest average PCE, and the individual device
on that substrate with the greatest PCE.

Batch HMW best HMW best NF best NF best
device PCE substrate device PCE substrate
(%) average PCE (%) average PCE
(%) (%)
1 1.55 1.45 0.73 0.70
2 4.55 3.96 3.55 3.40
3 3.59 3.35 1.97 1.86
4 4.97 4.43 4.79 4.58

o

Current density J (mA cm™)

| NF
W
HMW . . .
0.5 0.0 0.5 1.0

Voltage V (V)

Figure 4.3: Current-voltage curves of devices based on non-fractionated IDTBT (IDT-
NF, black squares) and high molecular weight IDTBT (IDT-HMW, blue triangles),
whose molecular weight characteristics are displayed in Table 4.1. All devices have
an ITO/PEDOT:PSS/IDTBT:PC7,BM (1:3.5 w/w)/Ca/Ag architecture. These graphs

correspond to the parameters in Table 4.3, and were made in batch 4 (see Table 4.2).
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Table 4.3: Solar cell performance parameters of best-performing IDTBT-NF and -
HMW devices, both from batch 4, measured under simulated one sun conditions; these
parameters correspond to the graphs shown in Figure 4.3. Jg is the short-circuit current,

Voe is the open-circuit voltage, FF is the fill factor, and PCE is the power conversion

efficiency.
Blend Thickness Jse Voe (V) FF PCE
(nm) (mA cm™?) (%)
IDT-NF 112 11.5 0.796 0.52 4.74
IDT-HMW 113 12.1 0.789 0.52 4.97

4.3 Results

4.3.1 Capacitance-voltage

Given that the non-fractionated batch performed the worst, I measured the doping
of the two blends using the capacitance-voltage technique. The apparent doping is
plotted as a function of active layer thickness in Figure 4.4 for devices made from
IDT-HMW and IDT-NF blends, and shows no difference as a result of fractiona-
tion. The devices were dropcast and were approximately 500 nm thick. Therefore
we can rule out differences in the electric field profile within the device, due to
different levels of unintentional doping, as a possible source for the differences in

solar cell performance observed.
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Figure 4.4: Apparent doping concentration of IDTBT-NF (black line, squares) and
IDTBT-HMW (blue line, triangles) devices. (a) Mott-Schottky plots of different devices
made from the two blends; C' is the device capacitance. (b) Apparent doping as a
function of film depth z, calculated from the data displayed in (a). In all cases, the
devices had the architecture ITO/IDTBT:PC7BM (1:3.5 w/w)/Ca/AL

4.3.2 UV-Vis

We made films and solutions of the two polymers and found no difference in the
magnitude of the absorption in solution (Figure 4.5, top panel), nor in the spectral
shape of the absorption in thin films (Figure 4.5, middle panel). Furthermore we
made films of the two blends and did not find significant differences in absorption

(Figure 4.5, bottom panel).
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Figure 4.5: Ultraviolet-visible absorption spectra of IDTBT polymers: IDT-HMW

(blue lines with triangles) and IDT-NF (black lines with squares). Top panel: optical

density of 5 pgml~! solutions of IDTBT in 1,2-dichlorobenzene, in a spectrosil cuvette

with a 1 cm path length. Middle panel: normalised absorbance of IDTBT polymer films

on spectrosil. Bottom panel: optical density of IDTBT:PC7oBM (1:3.5 w/w) blend films

on spectrosil; these films were prepared and measured by Dr Derya Baran.
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4.3.3 Voltage losses

In this section I present the determination of voltage losses of IDT-NF and -HMW
devices. The devices presented in this section are from batch 3 in Table 4.2; the
current density-voltage graphs are shown in Figure 4.6 and the corresponding
solar cell performance parameters are tabulated in Table 4.4. Unfortunately I was
unable to acquire data on the best-performing IDT-NF device from batch 3, but
the V,. of the device I did measure is very similar and so I do not expect any
conclusions to be compromised.

Figure 4.7 shows the electroluminescence (EL) spectra of the IDT-NF and -
HMW blend devices. As is evident from the right panel of Figure 4.7, the spectral
shape of the electroluminescence of these devices is not affected by the fractiona-
tion or polymer molecular weight. It is possible that the luminescence is primarily
from the HMW fraction of the NF polymer, since it might be that the longer chains
form the most efficient electrical network in the film. Evidence for this hypothesis
is the behaviour of the device voltage required for a given injected charge density
(Figure 4.8): the HMW device appears to have greater conductivity than the NF
device, although this may also be due to the reduced film thickness of 107 nm vs
148 nm.

The left panel of Figure 4.7 indicates that there is a difference in the lumines-
cence efficiency of the devices, with the HMW device emitting more light, when
scaled to an absolute value using the EQE data presented below. Furthermore, the
EL spectrum position does not appear to vary significantly with injection current,
in the range of currents tested here (Figure 4.9).

Figure 4.10 shows the high dynamic-range external quantum efficiency (EQE)
spectra of the same devices measured in the EL experiment. Overlaid the directly-
measured EQE are EQEgy, data, the EQE calculated from the electroluminescence
spectra using the detailed balance formalism. Since the measured EL flux is not an
absolute measurement, but is instead relative, the portion overlapping with the
directly-measured EQE is used to scale the values, thus extending the effective
EQE spectrum well into the infrared.

Converting the EL spectra to EQEgy, allows calculation of the radiative dark
saturation current Jy,,q and hence the radiative open-circuit voltage Vo aq. The
difference between this value and the J-V open-circuit voltage is the non-radiative
open-circuit voltage loss AV, ,; the values of these parameters for an EL injection
current density of 178 mAcm™2 are tabulated in Table 4.5. For the range of
injection current densities used to collect EL spectra, neither V¢ aq nor AVye oy

have a strong dependence on injection current (Figure 4.11) which validates the
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Figure 4.6: Current-voltage curves of devices based on non-fractionated IDTBT (IDT-

NF, black squares) and high molecular weight IDTBT (IDT-HMW, blue triangles),

made in fabrication batch 3. For the case of IDT-NF, the best device in the batch is

shown by a solid line, while the particular device used for the voltage analysis here is

shown by a dotted line. All devices have an ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5
w/w)/Ca/Ag architecture. These graphs correspond to the parameters in Table 4.4.

Table 4.4: Solar cell performance parameters of IDTBT-NF and -HMW devices mea-
sured under simulated one sun conditions; these parameters correspond to the graphs
shown in Figure 4.6. Jy is the short-circuit current, V. is the open-circuit voltage,
FF is the fill factor, and PCE is the power conversion efficiency. All devices have an
ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture, and the devices
were made in batch 3. The IDT-NF-2 and IDT-HMW devices were used in the volt-
age loss analysis; IDT-NF-1 was the best-performing IDT-NF device in this fabrication

batch, included for reference.

Blend Thickness Jse Voe (V) FF PCE

(nm) (mA cm™?) (%)
IDT-NF-1 105 7.8 0.604 0.42 1.97
IDT-NF-2 148 5.9 0.579 0.35 1.21

IDT-HMW 107 10.6 0.708 0.48 3.59
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Figure 4.7: Electroluminescence spectra of IDTBT:PC7yBM blend devices at the same
current injection of 178 mA cm~2. IDT-HMW is the blue line and IDT-NF is the black
line. The left panel is the measured flux multiplied by the scaling factor acquired by
comparing with the EQE spectra, and the right panel is the normalised flux. Both
devices have an ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture,

and are taken from fabrication batch 3.
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Figure 4.8: Device voltage as a function of injection current density during the EL mea-
surement for IDTBT-NF:PCr,BM (black squares) and IDTBT-HMW:PC7,BM (blue tri-
angles) blend devices. Both devices have an ITO/PEDOT:PSS/IDTBT:PC7,BM (1:3.5

w/w)/Ca/Ag architecture, and are taken from fabrication batch 3.

20U99SBUILIN|0I}IS[S POSI[EWION



102 4.3. Results

10} IDT-NF IDT-HMW -

0.5

flux ¢

Normalised electroluminescence

0.0

0.8 1.0 1.2 1.4 16 038 1.0 1.2 1.4 1.6

Energy E (eV)

Figure 4.9: Electroluminescence spectra of IDTBT:PC73BM blend devices at differ-
ent injection currents. Left panel: IDT-NF:PC7BM devices (grey-black), right panel:
IDT-HMW:PC7oBM devices (blue). In both cases, spectra measured at 4, 8 and 16 mA
(89, 178 and 356 mA cm~?2 respectively); the light coloured lines represent lower cur-
rents. Both devices have an ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag

architecture, and are taken from fabrication batch 3.
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Figure 4.10: Semilogarithmic plots of experimental photocurrent external quantum
efficiency (EQEpy, darker lines) as a function of energy for IDT-NF:PC70BM (black)
and IDT-HMW:PC7(BM (blue). Overlaid the EQEpy data are the EL-derived EQE
data (EQEgp, lighter lines), extending the effective EQE spectra across many more
orders of magnitude. Both devices have an ITO/PEDOT:PSS/IDTBT:PC,BM (1:3.5
w/w)/Ca/Ag architecture, and are taken from fabrication batch 3. The EL spectra were

taken at an injection current density of 178 mA cm~2 and were shown in Figure 4.7.
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Table 4.5: Non radiative voltage losses AV, nr and contributing parameters for devices
made from IDTBT:PC7BM (1:3.5) blend devices. The polymer band gap energy E,
was estimated by extrapolating the optical absorption and is included to emphasise that
differences in voltage are not due to the polymer energetics. The open-circuit voltage V.
was taken from the J-V curves shown in Figure 4.6. Jyaq and Ve raa Were calculated
from the combined EL and EQE measurements. The values shown here are for an
injection current of 8 mA (178 mA ecm~2), corresponding to the EL spectra shown in
Figures 4.7 and 4.10.

Blend E, (eV) Jorad (MA cm™2) Voe (V) Vocrad (V) AVpenr (V)
IDT-NF 1.7 3.05 x 1071 0.579 1.149 0.57
IDT-HMW 1.7 5.64 x 1071 0.708 1.148 0.44

choice of single values.
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Figure 4.11: Electroluminescence injection current density dependence of volt-
age loss parameters for IDT-NF:PC7BM (black squares) and IDT-HMW:PC;,BM
(blue triangles) devices. Top panel: radiative open-circuit voltage Vocyad, bot-
tom panel: non-radiative open-circuit voltage loss AVi.n,. Both devices have an
ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture, and are taken

from fabrication batch 3.
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4.3.4 Charge carrier dynamics

In order to probe the recombination and carrier collection dynamics of the IDTBT
devices, I carried out transient photovoltage and charge extraction experiments,
which were introduced in Section 3.3. The particular devices I used in this ex-
periment were from batch 4, but were selected for fill factor rather than power
conversion efficiency. The charge extraction technique relies on the assumption
that at short-circuit, the excess charges can be extracted before they recombine.
A high fill factor implies that extraction competes well against recombination, so
high fill factor devices are necessary in order to be able to rely on the charge
extraction data. The fill factors of the devices from batch 4, shown in Table 4.6,
are greater than those from batch 3, displayed in Table 4.4. The current density-
voltage curves of the particular devices I measured are displayed in Figure 4.12
while the solar cell performance parameters are tabulated in Table 4.6.

Figure 4.13 shows the measured data from the transient photovoltage and
charge extraction experiments. Transient photovoltage is a small perturbation
technique, and the lifetimes plotted in Figure 4.13 (top left) describe the expo-
nential decay of the photovoltage induced by a laser pulse over a constant white
light bias of varying intensity. The data in Figure 4.13 are the small pertur-
bation lifetimes 7a,, which have an empirical relationship to V,. which follows
Tan = Tano €Xp(—qVoe /OKT).

In order to determine material properties, the corresponding charge density
must be measured; in this work differential charging was the employed technique.
This involves calculating the induced differential capacitance by measuring the
total charge induced by the same perturbative laser pulse used in TPV, as well
as the induced photovoltage. The capacitance C' has an empirical exponential
relationship to V. (Figure 4.13, top right), such that C' = Cjexp(nVy.); Cy and
7 are the fit parameters. The charge () is then proportional to the integral of the

capacitance over V., which can also be expressed:
1
Q= 5<C — ) (4.1)

The charge is then converted to a charge density n, which is plotted in Figure 4.13
(bottom left), which also has an empirical exponential relationship to V,. such
that n = ngexp(—q¢Voe/mkT). m gives an indication of the shape of the density
of states, since it describes the relationship between the rate of growth of charge
density with increasing Fermi-level splitting. The reaction order for recombination,
§ is defined by dn/dt = kn® = n/7, and is therefore given by 6 = 1 + (m/4d).
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Figure 4.12: Current-voltage curves of devices based on non-fractionated IDTBT
(IDT-NF, black squares) and high molecular weight IDTBT (IDT-HMW, blue trian-
gles), made in fabrication batch 4. These devices were chosen for optimal fill factor;
the best performing devices of the batch are shown in Table 4.3. All devices have
an ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture. These graphs

correspond to the parameters in Table 4.6.

Table 4.6: Solar cell performance parameters of IDTBT-NF and -HMW devices mea-
sured under simulated one sun conditions; these parameters correspond to the graphs
shown in Figure 4.12. Jg is the short-circuit current, V. is the open-circuit voltage,
FF is the fill factor, and PCE is the power conversion efficiency. All devices have an
ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture, and the devices
were made in batch 4. These devices were used in the transient photovoltage and charge

extraction experiments, and were chosen for optimal fill factor.

Blend Thickness Jse Voe (V) FF PCE
(nm) (mA cm™2) (%)
IDT-NF 81 8.4 0.772 0.57 3.71

IDT-HMW 64 5.4 0.755 0.60 2.45
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Table 4.7: Fit parameters and calculated reaction order from differential charging
and transient photovoltage analysis. These fit parameters correspond to the fit lines
displayed in Figure 4.13. Tap, and ¢ describe the small perturbation lifetime data, Cy
and 7 describe the differential capacitance data, ng and m describe the excess charge
density data, and § = (m/9) + 1 is the reaction order.

Blend TAng (S) V oy (F) n (V71 ng (cm™3) m )

IDT-NF 40.5 1.70 6.7 x 10711 6.5 1.7x 10 599 45
IDT-HMW 220 1.56 7.2x 10710 3.5 4.1 x 10"  11.13 8.1

Also plotted in Figure 4.13 (bottom right) is the charge carrier mobility, which
is derived from the charge extraction at short-circuit experiment, assuming drift-
dominated transport. All the fit parameters are tabulated in Table 4.7, and their
validity can be checked by calculating the open-circuit voltage using eq. (3.21),

reproduced here for convenience:

kTY9m JseTAR, 0
Ve = | 0 4.2
q(m + 9) . qdny (4.2)

The calculated and measured V,. as a function of light intensity are plotted in
Figure 4.14, and show very good agreement across a wide range of light intensities.
This implies that the assumptions made in the analysis, particularly that non-

geminate recombination is the primary loss mechanism, are valid.

As already mentioned, it is important to plot the lifetime and mobility as a
function of charge carrier density in order to be able to compare between devices
and properly assess the material properties. Therefore Figure 4.15 displays the
IDT-NF and IDT-HMW data plotted as a function of n. Note that I have con-
verted the small perturbation lifetime to the large perturbation lifetime 7 using

the relation 7 = d7a,, derived in Section 3.3.

The mobility-lifetime product p7 can be used as a measure of the charge carrier
collection efficiency, as already described in Section 2.5.3, and again this parameter
should be calculated as a function of charge density. However since the mobility is
measured at short-circuit, but the lifetime is measured at open-circuit, the charge
density regimes covered by the two measurements do not overlap sufficiently. Since
mobility is a much weaker function of charge density than recombination lifetime,
I fit the mobility data to a straight line (shown in Figure 4.15) in order to ex-
trapolate mobility values into the recombination lifetime charge density regime.

This then allowed me to calculated p7 as a function of charge density, as shown
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Figure 4.13: Transient photovoltage and charge extraction data of devices based on
non-fractionated IDTBT (IDT-NF, black squares) and high molecular weight IDTBT
(IDT-HMW, blue triangles). Top left panel: small perturbation charge carrier lifetime,
as measured by transient photovoltage. The lifetimes are taken from the exponential
decay of the small perturbation photovoltage induced by a weak laser pulse. The straight
lines are fits of the data to the equation A, = Tano €xp(—qVoc/9kT). Top right panel:
differential charge capacitance data, measured with the differential charging technique
using the same laser pulse used in transient photovoltage. The straight lines are fits of
the data to the equation C' = Cpexp(nVeoc). Bottom left panel: excess charge carrier
density, calculated from the differential capacitance. The straight lines are fits of the
data to the equation n = ngexp(—qVoc/mkT). Bottom right panel: charge carrier
mobility, measured using charge extraction at short-circuit. The data are plotted as a
function of open-circuit voltage, which is varied by changing the light intensity impinging
on the device. All the fit parameters are displayed in Table 4.7, and all devices have an
ITO/PEDOT:PSS/IDTBT:PC7BM (1:3.5 w/w)/Ca/Ag architecture.
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Figure 4.14: Measured (black circles) and calculated (red crosses) open-circuit
voltage as a function of light intensity for IDT-NF:PC7BM (top panel) and IDT-
HMW:PC7BM (bottom panel) devices. The calculated V. is determined us-

ing eq. (4.2), with the parameters tabulated in Table 4.7. All devices have an
ITO/PEDOT:PSS/IDTBT:PCBM (1:3.5 w/w)/Ca/Ag architecture.
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Figure 4.15: Large perturbation charge carrier lifetime (right axis, filled sym-
bols) and mobility (left axis, open symbols) of IDT-NF (black squares) and IDT-
HMW (blue triangles) blend devices, plotted as a function of excess charge density.
Straight lines have been fit to the mobility data in order to extrapolate the mobil-
ity values into the charge density regime of the lifetime data. All devices have an

ITO/PEDOT:PSS/IDTBT:PCBM (1:3.5 w/w)/Ca/Ag architecture.

in Figure 4.16.

4.4 Discussion

The experiments presented in the previous section intended to identify which as-
pects of device performance are affected by fractionating a sample and using the
high molecular weight fraction. In general, the IDT-HMW devices exhibited higher
Jse and FF than IDT-NF devices. The short-circuit current enhancement does not
appear to be due to enhanced optical absorption by the IDT-HMW polymer, as
the ultraviolet-visible spectroscopy data of the polymers in solution are identi-
cal, and there were no significant differences in film absorbance. Furthermore,
there were no differences in the apparent doping concentration of the blends, as
measured by the capacitance-voltage experiment, using Mott-Schottky analysis.
However the IDT-HMW blend appears to have a higher emission efficiency,
exhibited by the higher electroluminescence flux for a given injection current.
Subsequent analysis of the radiative open-circuit voltage and non-radiative voltage
loss demonstrates that the IDT-HMW blend has a smaller non-radiative voltage
loss than the IDT-NF blend. This difference arises primarily from the lower V. of
the IDT-NF device relative to the IDT-HMW device, as the V¢ 1aq values of the two
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Figure 4.16: Mobility-lifetime product ur of IDT-NF (black squares) and IDT-HMW
(blue triangles) blend devices, plotted as a function of excess charge density. The
data are calculated from the recombination lifetime and extrapolated mobility data
plotted in Figure 4.15. All devices have an ITO/PEDOT:PSS/IDTBT:PC7,BM (1:3.5
w/w)/Ca/Ag architecture.

blends are very similar. Furthermore, these quantities are relatively independent
of injection current within the range used in the experiment. This non-radiative
voltage loss is indicative of increased non-radiative recombination in the IDT-NF

device.

Recombination can also be probed by the transient photovoltage (TPV) tech-
nique. The 7(n) data indicate that the lifetime within the IDT-HMW device is
greater than that in the IDT-NF device, indicative of a lower recombination rate.
TPV measures all recombination, but since the radiative efficiency of OPV devices
is very low, this is dominated by non-radiative recombination. It should be noted
here that the IDT-HMW device was significantly thinner than the IDT-NF device,
which places a caveat on the conclusions of the data. The thinner a device, the
less likely it is that there is a uniform charge density profile throughout the film
thickness, which is an assumption of the analysis. The effect of device thickness
on the TPV and CE analysis was investigated by Deledalle et al. [182]; they
found that the gradient of the 7(n) graph gets artificially steeper as the device
thickness is decreased. The authors also found that the high light-intensity data
is more robust since the charge density is more uniform through the film thick-
ness. Therefore it is plausible that the steepness of the IDT-HMW 7(n) data is
an artefact, but that the conclusion that the IDT-HMW charge recombination
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is slower is robust. Two possible explanations for this observation of increased
lifetime in IDT-HMW devices are that the IDT-NF blend has a higher concentra-
tion of impurities and chain ends which may act as recombination centres, and/or
differences in morphology.

The difference in mobility between the devices is small, and so even though the
IDT-HMW mobility is less than the IDT-NF mobility, the recombination lifetime
dominates u7. These data therefore suggest that carrier collection within the IDT-
HMW devices is better than that in the IDT-NF devices. A previous study had
identified morphological differences between the blends [181], which is a possible
reason for the difference.

As mentioned previously, some of the data in this chapter has been published,
but the work was a collaboration with Dr Derya Baran, and so the paper [149]
comprised a combination of our experimental data. Dr Baran was able to achieve
higher-performing devices, and did her own voltage loss analysis on these devices;
instead of using a high dynamic range EQE set-up, she used Fourier-transform
photocurrent spectroscopy (FTPS) to measure the high energy part of the EQE
spectrum, and then used EL just as I did to acquire the low energy EQE data. The
voltage losses Dr Baran calculated follow a similar trend to my data, but overall
the values are lower. Our independent Vi ,.q values are very similar, and so the
primary difference is due to higher non-radiative recombination in my devices.
This result therefore corroborates the data presented in this chapter, as we were
able to measure the same trends with polymer fractionation in two completely

separate laboratories.

4.5 Conclusion

I have been able to identify non-radiative recombination as the parameter most
affected by fractionating the IDTBT polymer to a high molecular weight. This is
evident in the analysis of voltage losses using EQE combined with EL, and is also
evident in the charge carrier lifetime data obtained by the TPV experiment. A
possible explanation for this observation is that non-fractionated polymer contains
a greater concentration of sites, such as impurities or chain ends, which act as
recombination centres. The greater charge carrier lifetime of the IDT-HMW blend
dominates the mobility-lifetime product, indicating that the IDT-HMW blend has
increased carrier collection efficiency relative to the IDT-NF blend. These data
have been supported by independent measurements done by Dr Derya Baran while
a student of Prof. Christoph Brabec at FAU Erlangen.
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4.6 Experimental Details

The IDTBT polymer studied in this chapter was made by Dr Hugo Bronstein
according to the synthesis described in Refs [177, 183]. The polymer, IDT-NF,
was subsequently fractionated according to [181] and the high molecular weight
fraction IDT-HMW was isolated.

The devices all had an ITO/PEDOT:PSS/IDTBT:PCBM (1:3.5 w/w)/Ca/Ag
architecture; the PEDOT:PSS film fabrication method was described previously.
The active layer was bladecoated from the blend solution in 1,2-dichlorobenzene.
The bed temperature was 60 °C, and the blade height was 200 ym. The devices
made for the capacitance-voltage experiment were an exception: they were spin-
coated at 100 rpm from a 7 mgml~! solution. This low spincoating speed meant
that no solution was spun off the substrate, so the film was essentially dropcast
but without the coffee-staining problem.

The experiments were done according to the methods described in Chapter 3.
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Table 4.8: Fabrication batch parameters of IDTBT devices; the batch numbers and
the fabrication parameters are for the substrates tabulated in Table 4.2. For the case of
batches 3 and 4, where the device measured in EL/EQE and TPV (respectively) were
not necessarily from the best-performing substrate, the suffix -JV denotes the substrate
with the highest PCE, while the suffixes -EL and -TPV denote the substrates used in
those experiments. All of the blend solutions were polymer:fullerene 1:3.5 (w/w), and
the solvent was 1,2-dichlorobenzene. The films were all bladecoated, at the blade speed

indicated above. The calcium and silver evaporated thicknesses d are indicated.

Batch Device Total con- Coating Ca d (nm) Ag d (nm)
centration speed
(mgml™!) (mms™)
NF
1 7 10 14 105
HMW
NF 20
2 31.5 8 130
HMW 15
NF-JV 3
3 NF-EL 31.5 7 8 100
HMW 5
NF-JV 20
NF-TPV 10
4 18 15 115
HMW-JV 15

HMW-TPV )




Chapter 5

Understanding enhanced
photocurrent in polymer:fullerene

solar cells

5.1 Abstract

[ present work on a series of diketopyrrolopyrrole (DPP) polymers with varying
alkyl side chains and molecular weights. I found a significant dependence of ab-
sorption coefficient on molecular weight, with the high molecular weight polymers
absorbing more strongly than low molecular weight polymers in both thin film and
solution; this absorption increase was concurrent with increased solar cell perfor-
mance. In addition I found higher mobilities in blends based on high molecular
weight polymer, but also shorter recombination lifetimes. An analysis of the es-
timated internal quantum efficiencies suggests that the electronic quality of high
molecular weight polymer blends is greater than low molecular weight blends, but
this difference cannot fully account for the differences in solar cell performance. A
simple analysis of current generation indicates that in the relatively poor charge
collection regime of organic photovoltaics increased light absorption can increase

the maximum current available.
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Figure 5.1: Chemical structure of DPP-TT-T. Three analogs with side-chains of vari-
ous lengths were studied: C1, C2 and C3.
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I owe a debt to Dr Mariano Campoy-Quiles, of the Institute of Materials Science

of Barcelona (ICMAB-CSIC) for doing the ellipsometry measurements.

5.2 Introduction

One of the more promising conjugated polymer sub-units for use in solar cells
or transistors is diketopyrrolopyrrole (DPP) [125, 184, 185]. In this chapter,
I discuss work done on a particular DPP co-polymer, thieno[3,2-b]thiophene-
diketopyrrolopyrrole (DPP-TT-T, Figure 5.1), which has shown high field-effect
transistor mobilities, promising performance as the donor in solar cells [186] and
high photostability [187].

As mentioned previously, the behaviour of a polymer is affected not only by the
chemical structure of the backbone, but also by the design of the solubilising alkyl
side-chains and the polymer molecular weight. It is these latter factors which are
the focus of this chapter. The polymer was synthesised by Dr lain Meager with
three different side-chains of varying lengths, shown in Figure 5.1; all side-chains
are branched, and the number of carbons between the branching point and the

backbone was varied from one (C1) to three (C3). The long alkyl branches can
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Figure 5.2: Current density-voltage characteristics of solar cells based on C1-24 (red),
C2-116 (green) and C3-80 (blue) measured under simulated AM1.5G irradiation. The
molecular weights of the polymers are listed in Table 5.3. All devices are a conventional
architecture with ITO/PEDOT:PSS/DPP-TT-T:PC,BM (1:2 w/w)/LiF /Al, and were
made and measured by Dr Shahid Ashraf.

Current density J (mA cm'z)

provide some steric hindrance so the hope of the initial study was that by moving
the branching point away from the backbone, neighbouring conjugated backbone
sections would be able to associate more closely, reducing the 7-7 stacking distance
of the aromatic rings and generally increasing the degree of order, hence improving
the transport.

Solar cells made by Dr Shahid Ashraf from the three polymers indeed showed
that the C2 and C3 side-chains resulted in better solar cell performance than the
C1 polymer (Tables 5.1 and 5.2 and Figure 5.2) [188]. This increase in device
performance was attributed to an increased degree of crystallinity as determined
using grazing incidence wide-angle X-ray scattering (GIWAXS), although the 7-7
stacking distance was not significantly affected.

The design of alkyl side-chains can also affect the solubility of the polymer in
solvents, with longer side-chains tending to result in higher solubility [48-50, 52].
Higher solubility can in turn affect the polymer molecular weight, since the poly-
mer is more likely to stay dissolved during polymerisation; therefore the molecular
weight achieved in the C2 and C3 synthesis was higher than that of the C1 synthe-
sis. This highlights the difficulty in studying polymers, since often parameters are
inter-related. Furthermore, a study on a similar polymer (DPP-TT-T backbone
with 2-decyltetradecyl side-chains) found solar cell performance increased upon
polymer fractionation, with the higher molecular weight fractions performing bet-

ter than the low molecular weight fractions [189]. Therefore in order to elucidate
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Table 5.1: The solar cell performance parameters corresponding to the devices shown
in Figure 5.2: short-circuit current Jg., open-circuit voltage V., fill factor FF and power
conversion efficiency PCE. The devices are ITO/PEDOT:PSS/DPP-TT-T:PC,BM (1:2
w/w)/LiF/Al, and were made and measured by Dr Shahid Ashraf.

Polymer Joe (mA cm™2) Voe (V) FF PCE (%)
C1-24 16.6 0.59 0.60 5.9
C2-116 18.6 0.61 0.64 7.3
C3-80 18.7 0.60 0.62 6.9

Table 5.2: Statistics of devices based on C1, C2 and C3, compiled for the best sub-
strates of each blend. The standard deviation is of the PCE distribution. The data

shown in Figure 5.2 and Table 5.1 are part of these data sets. All devices were mea-
sured by Dr Shahid Ashraf.

Polymer Number Standard Deviation Mean PCE (%)

C1-24 10 0.4 5.4
C2-116 9 0.9 2.9
C3-80 7 0.5 6.1
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Table 5.3: The molecular weights of each batch of C1-, C2- and C3-DPP-TT-T used
in this thesis. M, is the number-average molecular weight, M,, is the weight-average

molecular weight, and PDI is the polydispersity index.

Material Batch M, (kgmol™1) M, (kgmol™!) PDI
C1-20 20 85 4.4
C1-24 24 89 3.7
C1-55 95 100 1.8
C1-85 85 160 1.9
C1-120 120 265 2.2
C2-116 116 357 3.1
C3-9 9 28 3.1
C3-16 16 o1 3.1
C3-80 80 154 1.9
C3-84 84 264 3.1
C3-99 99 228 2.3

which factor, side-chain design or molecular weight, had the strongest effect on
solar cell performance, we needed to study fractionated batches of each polymer
with different side-chain lengths. Thus batches of C1 and C3 were synthesised
and fractionated for further study: the molecular weights of each batch/fraction
are shown in Table 5.3. Figure 5.3 shows the corresponding gel permeation chro-
matography traces of the different C1 and C3 batches listed in Table 5.3, collected
by Dr Iain Meager.

This chapter therefore attempts to identify the mechanism underlying the ob-
servations of improved solar cell performance. Solar cell performance can be af-
fected by doping concentration, charge carrier mobility and lifetime, non-radiative
voltage losses, and light harvesting. I investigate each of these factors in turn to

establish the pertinent factor(s) affecting solar cell performance.
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Figure 5.3: Gel permeation chromatography (GPC) traces of C1- and C3-DPP-TT-T
(left and right, respectively) polymer batches used in this study; data was collected by
Tain Meager. The M,, and M,, values tabulated in Table 5.3 were calculated from these

distributions.

5.3 Results

5.3.1 Solar cell performance

Shahid Ashraf made and measured solar cells from low and high molecular weight
C1 and C3 blended in a 1:2 weight ratio with PC7gBM. The devices had an inverted
architecture with I'TO/ZnO (approximately 30 nm)/blend/MoO3 (10 nm)/Ag (100
nm). [ measured the blend layer thicknesses for each device using a Dektak pro-
filometer; the resulting values are listed in Table 5.4. It should be noted though
that it is very difficult to achieve a clean scratch when ZnO is underneath the
blend layer and so there is a significant level of uncertainty in these values. Fig-
ure 5.4 shows the current density-voltage curves of the devices, and Tables 5.4
and 5.5 shows the solar cell performance parameters and available statistics. It is
apparent from these results that molecular weight, rather than side-chain design,
is the principal factor affecting solar cell performance. The solar cell parameter
most affected by molecular weight was the short-circuit current density, and so the
rest of this chapter is devoted to determining the source of this increased current

collection.
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Figure 5.4: Solar cell current density-voltage characteristics under simulated one sun

illumination conditions for blend devices of low and high molecular weight C1 and C3;
C1-55 and C1-120 are shown by red and dark red lines respectively, and C3-16 and
(C3-84 are shown by light and dark blue lines respectively. All devices have an inverted
architecture with structure ITO/ZnO/polymer:PC7BM (1:2 w/w)/MoQO3/Ag, and were

made by Shahid Ashraf.

Table 5.4: The solar cell performance parameters corresponding to the devices shown

in Figure 5.4: short-circuit current density Jys., open-circuit voltage Vi, fill factor FF,

and power conversion efficiency PCE. The thickness was measured using a Dektak pro-
filometer. All devices had an ITO/ZnO/DPP-TT-T:PC7BM (1:2 w/w)/MoOg3/Ag ar-

chitecture.

Polymer Dektak Jee Voe (V) FF PCE
thickness (nm) (mA cm™2) (%)

C1-55 69 16.4 0.58 0.61 5.9

C1-120 101 22.8 0.57 0.63 8.1

C3-16 60 14.3 0.52 0.62 4.6

C3-84 69 21.8 0.59 0.66 8.5
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Table 5.5: Statistics of devices based on C1-55, C1-120, C3-16 and C3-84 blends,
compiled for the best substrates of each blend, from the same device batch as the hero

devices shown in Figure 5.4. The standard deviation is of the PCE distribution.

Polymer Number Standard Deviation Mean PCE

C1-55 3 0.2 5.7
C1-120 10 0.4 7.5
C3-16 ) 0.3 4.8
C3-84 11 0.9 7.9

5.3.2 Capacitance-Voltage

As described in Section 2.5.1, the concentration of unintentional dopants can affect
the performance of solar cells by reducing the effective collection thickness of the
films. Organic solar cells rely on the electric field generated in the active layer
by the difference in workfunctions of the contacts; in an undoped solar cell the
field is uniform throughout the device, and this drives the drift collection current
necessary for adequate current collection. Dopants however can induce a depletion
region which is thinner than the total device thickness; this results in two regions in
the device: the depletion region with an electric field, and a flat-band region where
there is no net electric field. The only current possible from the flat-band region
is by diffusion, which is negligible when compared to drift current. Therefore the
only significant current collection is from the depletion region, which is thinner
when the dopant level is higher. Highly doped devices therefore tend to exhibit
smaller J,. values if the depletion thickness is less than the overall film thickness
26].

In order to quantify the level of any such doping, I measured the capaci-
tance of C1, C2 and C3 blend devices as a function of voltage, which then allows
calculation of the apparent doping concentration, as outlined in Section 3.2.2.
The blend layers were all approximately 500 nm thick, so that the depletion re-
gion was smaller than the full device thickness. 1 fabricated the devices with
a glass/ITO/PEDOT:PSS/DPP-TT-T:PC7BM (1:2 w/w)/Ca/Al architecture.
Figure 5.5b shows the resulting doping concentration obtained from the C-V data
in Figure 5.5a as a function of side-chain branching point. Recalling eq. (2.44)

for the depletion width w = /2(Vi,; — V))e/gNa, we can calculate the doping con-
centration which results in the same electric field as a 100 nm film, for example.

Assuming a built-in voltage of 0.8 V, and a relative permittivity of 3.8, the doping
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Figure 5.5: Mott-Schottky analysis of C1, C2 and C3 devices. (a) Mott-Schottky plot
of devices based on C1-24 (red), C2-224 (green) and C3-80 (blue). The differential of
C~? with respect to voltage is inversely proportional to the apparent doping concentra-
tion. (b) Apparent doping concentration profiles based on analysis of the data in (a).
All devices were glass/ITO/PEDOT:PSS (30 nm)/DPP-TT-T:PC7BM (1:2) (= 500
nm)/Ca/Al

concentration leading to a depletion thickness of 100 nm is 3.4 x 10'® cm™3. The
doping concentrations, taken as the minima of the curves in Figure 5.5b, of the
different polymers are all below or close to this value, indicating that different

levels of doping are unlikely to be the source of different current densities.

5.3.3 Charge carrier dynamics

In order to probe whether charge carrier dynamics are the source of the pho-
tocurrent improvement in high molecular weight devices, I performed transient
photovoltage, differential charging and charge extraction measurements as de-
scribed in Section 3.3 on the same set of devices which were used to measure
the solar cell J-V characteristics in Figure 5.4. The device architecture was
ITO/ZnO/polymer:PC7BM (1:2 w/w)/MoO3/Ag.

The devices were chosen from the same substrates but selected for optimal fill
factor rather than PCE so are not necessarily the exact same devices as those in
Figure 5.4. In addition, the TPV measurements were conducted some time after
the initial J-V measurements. Table 5.6 shows the J-V characteristics measured

at the time of the TPV experiment under simulated one sun conditions. The
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Table 5.6: The solar cell performance parameters of C1 and C3 blend devices at time
of transient experiments; these particular devices were chosen for optimal fill factors.
All devices have an inverted architecture with structure ITO/ZnO/polymer:PC7yBM
(1:2 w/w)/MoO3/Ag, and were made by Shahid Ashraf.

Polymer Jse (mA cm™2) Voe (V) FF PCE (%)
C1-55 14.8 0.58 0.68 5.8
C1-120 20.4 0.57 0.64 7.3
C3-16 12.0 0.56 0.62 4.2
C3-84 18.2 0.58 0.62 6.5

TPV experiment uses white LEDs instead of a solar spectrum, and as a result 1
found it was necessary to use a background ultraviolet lamp (254 nm) to promote
conductivity of the zinc oxide interlayer [190, 191]; negligible photocurrent at this
wavelength was generated (Figure 5.6a) and the J-V characteristics of the devices
did not degrade appreciably during measurement (Figure 5.6b).

[ used differential charging to calculate the open-circuit charge density n through
measurement of the capacitance C, and TPV to measure the small perturbation
recombination lifetime 7a,,, all as a function of background light intensity or open-
circuit voltage (Figure 5.7). I fit single exponentials to the 7a,(Voe), C(Vie) and
n(Vye) data, which are shown in the figure; the fitted parameters are shown in
Table 5.7. 1 checked the validity of these fitted parameters by calculating the
predicted open-circuit voltage as a function of light intensity using eq. (3.21),

reproduced here:
kTvm JscTARGO

q(m + ) t qdnyg

oc T

The resulting measured and calculated values for each device are plotted in
Figure 5.8. In addition I measured the mobility using charge extraction at short-
circuit applying eq. (3.6): Jane = qunsVuif()/d. 1 approximated the built-in
voltage V4, as the voltage when the corrected photocurrent (the difference between
the light and dark currents) was zero. The mobility as a function of open-circuit
voltage is also plotted in Figure 5.7.

In order to compare material systems independent of factors such as device
thickness, it is important to compare quantities as a function of charge density
rather than light intensity; the recombination lifetime and charge mobility as
a function of charge density are plotted in Figure 5.9a. As mentioned in Sec-

tion 2.5.3, the mobility-lifetime product pur can be a useful measure of charge
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Figure 5.6: J-V curves of the devices used in the transient photovoltage, differential
charging and charge extraction experiments. (a) Comparison between a J-V curve taken
under simulated one sun illumination (dashed line) and under the same conditions plus
a UV lamp (254 nm) (dotted line). The particular device shown is a C3-16 blend device.
(b) The effect of extended UV illumination on devices used in TPV measurements. The
measurements before the TPV experiment, when the device was exposed to illumination
by a UV lamp (254 nm) as well as white LEDs, are the solid lines, and after the
experiment are dotted lines; C1-55 is in red, C1-120 in dark red, and C3-84 in dark
blue. I did not take a post measurement of the C3-16 device so it is not included above.
The device architecture was ITO/ZnO/polymer:PC7BM (1:2 w/w)/MoOs/Ag.

Table 5.7: Fit parameters from transient photovoltage and differential charging data
analysis of the data shown in Figure 5.7, corresponding to the fit lines. 7ap, and ¥
describe the small perturbation lifetime data, Cy and 7 describe the differential capac-
itance data, and ng and m describe the excess charge density data derived from the

differential charging data.

Polymer — 7an, (s) Co (F) n (V1) ng (em™?) m
C1-55 0.95 0.66 1.43 x 1074 11.7 2.43 x 108 0.30
C1-120 0.19 0.60  9.70 x 10712 12.9 1.95 x 10" 0.30
C3-16 24.5 0.63  5.60 x 10710 2.5 1.69 x 10 0.16
C3-84 25.9 0.67 5.65x 10710 5.3 1.41 x 10 0.16
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Figure 5.7: Measured transient photovoltage and charge extraction data of C1 and C3
DPP-TT-T blend devices. Top left: small perturbation charge recombination lifetime
(symbols) as measured using transient photovoltage. The lifetimes are taken from the
exponential decay of the small perturbation photovoltage induced by a weak laser pulse.
The straight lines are fits of the data to the equation 7a, = TAno €xp(—qVoc/VkT). Top
right panel: differential charge capacitance data, measured with the differential charging
technique using the same laser pulse used in transient photovoltage. The straight lines
are fits of the data to the equation C' = Cjexp(nVi,e). Bottom left panel: excess charge
carrier density, calculated from the differential capacitance. The straight lines are fits of
the data to the equation n = ngexp(—qVoe/mkT). Bottom right panel: charge carrier
mobility, measured using charge extraction at short-circuit. The data are plotted as a
function of open-circuit voltage, which is varied by changing the light intensity impinging

on the device. All the fit parameters are displayed in Table 5.7.
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Figure 5.8: Measured (black circles) and calculated (red crosses) open-circuit voltage
as a function of light intensity. The calculated V. is calculated using eq. (3.21) using

the parameters in Table 5.7.
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Figure 5.9: Charge dynamics parameters as a function of charge density of DPP-TT-T
blend devices. (a) Charge carrier mobility (left axis, open symbols) and large pertur-
bation recombination lifetime (right axis, solid symbols), both plotted as a function of
average excess charge density. The lines are fits to the mobility data, in order to extrap-
olate into the charge density regime accessed by the transient photovoltage experiment.
(b) Mobility-lifetime product, calculated using the data shown in (a), and using the
extrapolated p(n) data. In all cases, C1-120 is shown by dark red squares, C1-55 by
red circles, C3-84 by dark blue up-triangles, C3-16 by light blue down-triangles. The
devices are all ITO/ZnO/polymer:PC7BM (1:2, w/w)/MoO3/Ag.

collection. As is evident from Figure 5.9a, the TPV and charge extraction at
short-circuit data do not have a large overlap in charge density. Therefore, since
the mobility is a weaker function of charge density than the recombination lifetime,
I fit the p(n) data to a linear log-log relationship, and extrapolated the mobility
into the charge density regime probed using TPV, and hence plotted ut(n) as
shown in Figure 5.9b.

As has been mentioned previously in Chapter 4, the slope of the 7(n) graph
can be superficially steep if the active layer is too thin, due to inhomogeneities
in the charge density [182]. Therefore since all of the devices studied with the
exception of the C1-120 device are quite thin (< 70 nm), it is certainly possible
that the steepness of the graphs is an artefact. This factor may account for the
difference between the C1-120 and C1-55 data at low light intensities, where the
device is most likely to have the strongest inhomogeneities. Especially given that

the C3 devices and the C1-55 device have comparable thicknesses, it appears safe

(a) (b)
..... : : : : — _1. — .
C384LEST0 1 oo § . °F. .+ c3saC36
.. o é I.
.5 g_ o [ .' : iv
E- l= .’ i} 10-5 g Q—‘T;\ L . o a
(0] -9 (] 4
C1-55 = o 10%F et v E
c1-120 | o \L\L 3 S £% -2 e 5
- e 4 = LN A 10° = -.q_—) % £ C1-120 "w, - 1
wm o D o T i " va 1
E o gP® " ¢ - e § g = ’.'. «k v ]
e 107 & § 107 S
A N °
Vv W ™ = C1-55 ° . ]
v - PP | N N N ——
aal PP | PP | PP | - 16 17
10™ 10" 10" 1017108 10 10

Average excess charge density An_ (cm?®)



5.3. Results 129

to conclude that the C3 devices overall have higher pu7 values at the same charge

density.

5.3.4 Electroluminescence

In order to probe the charge-transfer state of the devices, I measured the elec-
troluminescence of the devices selected for solar cell J-V measurements, shown
in Figure 5.4. Figure 5.10 shows the electroluminescence spectra of C1 and C3
low and high molecular weight devices, both normalised and not normalised. The
data shown are for an injection current of 16 mA, or 356 mA cm~?; it is impor-
tant to compare data at the same injection current density if possible. It is also
important to measure electroluminescence at the lowest injection current possible,
to ensure that the lowest energy states are being probed. To this end, I monitored
the spectra as a function of injection current to make sure that the peak does not

shift hugely with current density (Figure 5.11).

1.0
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Figure 5.10: Electroluminescence spectra of C1 and C3 DPP-TT-T blend devices,
with an injection current of 356 mA cm~2. C1-120 is in dark red, C1-55 in red, C3-84
in dark blue, and C3-16 in light blue. The left panel is the measured EL photon flux,
while the right panel is normalised by the maximum flux value. All devices have an
inverted architecture with structure ITO/ZnO /polymer:PC7BM (1:2 w/w)/MoO3/Ag,
and were made by Shahid Ashraf.
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Normalised EL flux ¢

Energy E (eV)

Figure 5.11: Normalised electroluminescence spectra for different injection currents.
In each panel the same colour scheme was used: black lines are 2 mA (44.4 mA cm™2),
red lines are 4 mA (88.9 mA cm~2), green lines are 8 mA (177.8 mA cm™2), blue lines
are 16 mA (355.6 mA cm™2), cyan are 32 mA (711.1 mA cm™?), magenta are 64 mA
(1422.2 mA cm~2), orange are 128 mA (2844.4 mA cm™2).
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Figure 5.12: High dynamic range external quantum efficiency spectra of CI1-
120 (dark red), C1-55 (red), C3-84 (dark blue) and C3-16 (light blue) devices, all
blended 1:2 with PC7;oBM. All devices have an inverted architecture with structure
ITO/ZnO/polymer:PC7BM (1:2 w/w)/MoO3/Ag, and were made by Shahid Ashraf

but measured by myself.

5.3.5 External quantum efficiency and voltage losses

In order to probe both the current generation as a function of light wavelength,
and measure the voltage loss due to non-radiative recombination, I measured high-
dynamic range external quantum efficiency spectra on the same devices used for
EL measurements. Figure 5.12 shows the data plotted on a logarithmic scale.
Using the method described in Section 2.6, I used the EL spectra shown above
to extend the effective EQE spectra to lower currents; the resulting composite
EQE data are shown in Figure 5.13. 1 was then able to calculate the radiative
open-circuit voltage at one sun, which I calculated for a range of injection currents
to ensure that the radiative voltage is not a strong function of injection current
(Figure 5.14, top panel). Using these data I then calculated AV, ,,, a measure of

the voltage loss due to non-radiative recombination (Figure 5.14, bottom panel).
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Figure 5.13: Full EQE spectra using both directly measured EQE (red lines) and
converted EL spectra (EQEgy, black lines). In each panel, the injection current of the
EL spectrum is 16 mA (356 mA cm~2). The EQEgy, data is scaled manually to match
the magnitude of the EQE data in the overlapping region.
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dark red squares, C1-55 is red circles, C3-84 is dark blue up-triangles and C3-16 is light
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5.3.6 Ellipsometry

We investigated the optical absorption of the polymer films using variable angle
spectroscopic ellipsometry (VASE), and found that the extinction coefficient x of
pristine polymer films increased with molecular weight (Figure 5.15); the samples
I made were measured by Mariano Campoy-Quiles. Furthermore, this absorp-
tion increase in the polymer region persisted in blend films of the polymer with
PC7BM. As described in Section 3.4.2, I made five films of each polymer and
blend system: three on spectrosil and two on silicon. The purpose of this is to
check whether there is a thickness or substrate dependence of the refractive index.
Figure 5.16 shows that there was a small effect of thickness on the refractive index
values extracted, with thicker films tending to exhibit a greater refractive index.
The standard critical point (SCP) model was used to fit the data for both pristine
polymer films and the corresponding blends; a couple examples of the resulting
fits are shown in Figure 5.17. The resulting refractive index difference between
low and high molecular weight polymers was insensitive to the model chosen: sim-
ilar results were obtained when the SCP model was replaced by a collection of
Gaussian or Lorentzian peaks.

In order to test for the anisotropic optical response that might result from
preferential orientation of the polymer chains parallel to the substrate [192], Dr
Campoy-Quiles attempted to model the VASE data using uniaxial anisotropic
models, using either the SCP or Tauc-Lorentz models for the entire spectral range.
No significant improvement in the fit quality was observed when using these mod-
els. The possibility of anisotropy was further tested by depositing samples on
Si/SiOs (1030 nm) substrates in order to perform interference enhanced VASE
[167]. Fitting these data could again be achieved without anisotropic models.
These results therefore suggest that the large enhancement of absorption we ob-
served when increasing molecular weight is not mainly due to chain orientation
relative to the substrate.

For the case of blends it is possible for components to segregate vertically. We
tested this using a modelling approach used previously [70], and found no clear
evidence for vertical segregation of components or anisotropy. These considera-
tions taken with the consistency of the fitted parameters across different substrates

mean that we can be confident in the derived refractive index values.
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Figure 5.15: Molecular weight dependence of C1 (a,c) and C3 (b,d) refractive index
(n,r) as measured by VASE. (a,b) pristine polymer refractive index, (c,d) refractive
index of 1:2 blends of the same polymers with PC;gBM. The M,, of each polymer
sample is noted in the pristine polymer panels: the C1 samples were C1-20, C1-55,
C1-85, C1-120 and the C3 samples were C3-16, C3-84 and C3-99, with darker lines
representing higher molecular weights. Data were collected and analysed by Mariano

Campoy-Quiles.
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Figure 5.16: Thickness effect on refractive index as measured using ellipsometry. The
left panel is pristine C1-24 while the right panel is C3-99. In both cases, the refractive
index obtained is weakly dependent on film thickness; greater thicknesses result in a
slightly stronger extinction coefficient. In light of this dependence, when comparing
materials we took care to compare samples of similar thickness. Data were collected

and analysed by Mariano Campoy-Quiles.
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Figure 5.17: Fitting (red lines) of the experimental (open squares) ellipsometric angles
tan ¥ (lower panels) and cos A (upper panels) for DPP-TT-T-C3 with two different M,,:
C3-16 (a) and C3-84 (b). The different series in each graph corresponds to different

incidence angles.
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Figure 5.18: Decadic molar extinction coefficient, calculated per mole of monomer,
of different molecular samples of C3: C3-9, C3-16, C3-84 and C3-99. The darker lines

correspond to higher M,,. All solutions are 5 pgml~! in chloroform.

5.3.7 Ultraviolet-visible spectroscopy

In order to ascertain whether the differences in extinction coefficient observed in
thin films using ellipsometry were material properties or related to film effects, I
measured the ultraviolet-visible (UV-Vis) absorption spectra of dilute solutions of
the materials; Figure 5.18 shows the absorption of C3 dissolved in chloroform (CF)
as a function of molecular weight. I also measured solutions in 1,2-dichlorobenzene
(ODCB); the maximum extinction coefficient of each material was relatively in-
sensitive to solvent (Figure 5.19), although there was some variation in lineshape.
I also found that the spectral shape and intensity were reasonably insensitive to
solution concentration within the sensitivity limits of our set-up (Figure 5.20).
Furthermore I measured the temperature-dependence of the solution absorp-
tion by heating an ODCB solution up to 150 °C and subsequently allowing it to
cool. T took UV-Vis spectra during this cooling process to acquire a temperature-
dependent assay of the absorption (Figure 5.21). As shown in the figure, the
absorption peak decreases in intensity and undergoes a hypsochromic shift upon
heating, and the relative intensity of the blue shoulder of the main peak increases,
consistent with a population of higher energy conformations according to Boltz-
mann statistics [193]. However these changes are fully reversible: also shown in
the figure are the pre- and post-heating room temperature spectra, which are

identical.
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Figure 5.19: Solvent dependence of Cl1 and C3 solution absorption. Solution
ultraviolet-visible absorption spectra of four different polymer materials in chloroform
(black lines) and 1,2-dichlorobenzene (ODCB, red lines). All solutions are 5 pgml~!,

and the molar decadic extinction coefficient was calculated per mole of monomer.
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Figure 5.20: Concentration dependence of C1 and C3 solution absorption. Dilution
series for C1-24 and C3-99 polymers in a 4:1 chloroform:1,2-dichlorobenzene solvent
mixture. The left panel shows DPP-TT-T C1 spectra for a range of concentrations
between 0.25 and 10 pgml~!, and the right panel shows DPP-TT-T C3 spectra for
0.25-25 pgml~! solutions. In all cases a spectrasil cuvette with a 1 cm path length was
used, and the molar extinction coefficient was calculated per mole of monomer to enable

comparison between concentrations.
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Figure 5.21: Temperature dependence of C1 and C3 solution absorption. Absorption
spectra of 5 pgml™! solutions of C1 and C3 in 1,2-dichlorobenzene, which was heated
to 150 °C and allowed to cool back to room temperature; the path length was 1 cm.
The dark blue line shows the room temperature spectrum before heating, the red line
is the spectrum at 140 °C, and the purple line is the spectrum once the solution has
reached room temperature again. The other spectra were collected at regular intervals
during the cooling process. In both polymer solutions, any changes in the spectrum are

reversible and the spectrum before heating is recovered.
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5.3.8 Transfer matrix modelling and current collection

In order to ascertain the proportion of short-circuit current density increase due to
optical factors versus possible electrical factors, I estimated the internal quantum
efficiency (IQE) using the measured EQE and a transfer matrix model to calculate
the approximate absorption in the active layer of a device stack using the measured
optical constants. If the IQE is 1, by definition the active layer absorption is
exactly equal to the EQE. Therefore the IQE can be approximated by the active
layer absorption multiplied by a scalar value; I do not anticipate the IQE being
wavelength-dependent [159]. This determination is only approximate, since the
transfer matrix method does not include any scattering effects, and is very sensitive
to the thickness of each layer.

The thicknesses were inherently difficult to determine, since each device had
two solution-processed layers. The organic layer can be scratched off relatively
easily, but with ZnO as the layer underneath the scratch profile was very rough and
so the measured thicknesses had a large uncertainty. Nevertheless the measured
thicknesses, using a Dektak profilometer, are tabulated in Table 5.9 along with the
standard deviation of the measurements. For the thicknesses of the other layers I
had to rely on the nominal values: ITO - 200 nm, ZnO - 30 nm, MoOj3 - 10 nm,
Ag - 100 nm. The initial calculation of the absorption profile did not match the
measured IQE very well. Therefore I developed a fitting procedure which allowed
the layer thicknesses to vary. Since the devices were all made using the same batch
of ITO substrates, I constrained the ITO thickness to be constant across all the
substrates. However the ZnO layer was solution-processed, so I would expect some
sample-to-sample variation. I found that the MoO3 and Ag thicknesses had very
little effect or no effect on the absorption profile and so for ease of calculation I
kept these constant at 10 nm and 100 nm respectively.

My fitting procedure was a brute force method, whereby I allowed each layer
thickness to vary within certain bounds, and the absorption profile of each possible
device stack combination was calculated. I then integrated each profile over the
solar spectrum to acquire a fit short-circuit current density, and then I defined
the IQE as the ratio of the experimental J;. over the fit value. I acquired the
experimental Js. by integrating the experimental EQE in the same way over the
same wavelength range. I limited the wavelength to 350 - 800 nm in order to
limit the effect of errors in the ellipsometry values at the two ends of the range.
I then multiplied the calculated absorption profile by the scalar IQE value, and
then the error was calculated as the root sum of squares of the difference between
the calculated IQE x absorption and the experimental EQE. I varied the ITO
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Figure 5.22: (a) EQE data used for the IQE estimation of DPP-TT-T devices and
(b) corresponding current density-voltage curves measured under simulated one sun
conditions. The devices are all ITO/ZnO/DPP-TT-T:PC7BM (1:2, w/w)/MoO3/Ag;
C1-120 is shown by dark red lines, C1-55 by red lines, C3-84 by dark blue lines and
C3-16 by light blue lines. The devices were made and measured by Dr Shahid Ashraf.

thickness separately from the active layer and ZnO thicknesses, such that the
single ITO thickness which minimised the error across all the devices was chosen.
Then the ZnO and active layer thicknesses were minimised separately for each
individual device.

The experimental EQFE values I used for this analysis were different from the
ones shown in Figure 5.12 because we had problems with our set-up which meant
that there was too much error in the absolute values, such that the integrated
EQE gave a J,. which was significantly less than the measured Jg. from the solar
simulator (by a factor of 1.5-1.9). Therefore I used data from the same batch of
devices which were previously measured by Dr Shahid Ashraf on a different EQE
experimental rig, which much more closely matched the measured Js. (Table 5.8).
For the case of C1-55 and C3-16, these were actually the same substrates as shown
previously in Figures 5.4 and 5.12; but for C1-120 and C3-84 the substrates were
different. The J-V and EQE graphs are shown in Figure 5.22.

Table 5.9 shows the blend and ZnO thicknesses acquired from the fitting pro-
cedure, as well as the measured profilometer values. Figure 5.23 shows the fit EQE
spectra for each blend, compared to the experimentally measured EQE data. The
resulting ['TO thickness from the fitting procedure was 205 nm. The resulting IQE
values from this procedure are shown in Tables 5.10 and 5.11; these values repre-

sent the loss in Jy. due to electrical factors such as charge collection efficiency. As
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Table 5.8: DPP-TT-T Jg. values measured directly from J-V curves measured under
simulated one sun conditions, and Jg calculated by integrating the measured EQE
spectrum over the solar spectrum. The J-V and EQE data are shown in Figure 5.22,
and were measured by Dr Shahid Ashraf. The devices are all ITO/ZnO/DPP-TT-
T:PC7BM (1:2, w/w)/MoO3/Ag, and were made by Dr Shahid Ashraf.

Blend Jse.y—v (mA cm™?) Jsepqe (mA cm™?)
C1-120 19.3 19.6
C1-55 16.4 16.7
C3-84 21.6 21.1
C3-16 14.3 14.5

Table 5.9: Measured and fit film thicknesses for IQE estimation. The Dektak and
fit thickness values refer to the blend layer. The Dektak values were measured using
a Dektak profilometer, and the indicated error is the standard deviation of the ten
individual measurements with the exception of C3-16 which was fourteen measurements.
The fit thickness arose from fitting the experimental EQE to a transfer matrix model

active layer absorption. The ZnO thickness was also fit as part of the modelled device

stack.
Blend Dektak thickness (nm) Fit thickness (nm) ZnO thickness (nm)
C1-120 123+ 14 117 15
C1-55 69 + 3 63 45
C3-84 83+9 7 18

C3-16 62+5 66 18
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Figure 5.23: EQE fits from the estimation of IQE of C1-120 (dark red, top left), C1-55
(red, top right), C3-84 (dark blue, bottom left) and C3-16 (light blue, bottom right)
blend devices. In each case the experimentally measured EQE is shown by solid lines,
and is the same as the data displayed in Figure 5.22a. The fit EQE are shown by dashed
lines, and were determined by calculating the absorption spectrum of the active layer in
a device stack and scaling by an estimated IQE which was defined as the experimental
Jse divided by the integrated Js. from the calculated absorption. In each case the device
stack is ITO (205 nm)/ZnO/DPP-TT-T:PC7BM/MoO3 (10 nm)/Ag (100 nm), where
the ZnO and blend layer thicknesses for each blend are shown in Table 5.9.
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Table 5.10: Assessment of the breakdown of short-circuit current density increase of
DPP-TT-T C1 devices. The measured Jg is derived from the integral of the external
quantum efficiency EQE, and the IQE is estimated by comparing the magnitude of
the measured EQE and the absorption as calculated using transfer matrix modelling
(TMM). The Js from TMM is the integral of the calculated active layer absorbance
over the solar spectrum, if the IQE is assumed to be 100%. The ratio of HMW /LMW
for each of the values is calculated to determine the relevant proportional increase.
For comparison, the extinction coefficient value of the blends at 600 nm, chosen as a

representative typical value, are shown.

Jse from TMM,

Jse (mAcm™2)  Estimated IQE 100% IQE (mA cm-2) " at 600 nm
C1-120 19.6 0.77 25.4 0.33
C1-55 16.7 0.71 23.6 0.29
Ratio 1.17 1.09 1.08 1.11

Table 5.11: Assessment of the breakdown of short-circuit current density increase of
DPP-TT-T C3 devices, as in Table 5.10.

Jse from TMM,

Jse (mAcm™2)  Estimated IQE 100% IQE (mAcm-2) " at 600 nm
C3-16 22.1 0.86 25.6 0.36
C3-84 14.5 0.65 22.1 0.29
Ratio 1.52 1.32 1.16 1.26

the discussion above indicates, these values are merely an estimate, and were used
to approximate the relative contribution of electrical and optical factors to the
differences in J,. as a function of polymer molecular weight. As such, for each of
C1 and C3, I compared the ratio of the J,. values with the ratio of the estimated
IQE values and the extinction coefficient x of the blend films taken at 600 nm.
This wavelength was chosen as a representative value for the blend as a whole,
as opposed to just capturing the absorption due to the polymer. As can be seen
from Tables 5.10 and 5.11, in both cases, the optical factors account for a little

less than half of the increase in J;. upon increasing molecular weight.
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5.4 Discussion

As Figure 5.4 makes evident, the polymer molecular weight has a larger effect
on solar cell performance than alkyl side-chain branching point. Furthermore,
this increase in solar cell performance is dominated by an increase in short-circuit
current density, which cannot readily be explained by variation in active layer
thicknesses. This chapter therefore attempts to elucidate the source of this J.
enhancement. The first possible factor I eliminated was the level of doping in the
blends: the doping concentration in every blend was low enough that the active
layer thicknesses used in the solar cells was thinner than the depletion width from
the doping concentration, so the differences in current cannot be attributed to
band-bending due to doping. Since all the electrodes were processed at the same
time and in the same evaporation batch for the case of the top anode, I can also
plausibly rule out interfacial effects as the source of the difference in performance.

In principle the higher Jg. for the high MW fractions could result from improved
electrical properties leading to higher collection efficiency. Therefore I measured
the charge carrier lifetimes and mobilities in each blend to try and assess the
electronic quality of the blends. As shown in Figure 5.9, when plotted as a function
of charge density, the side-chain branching point had a much larger impact on the
mobility-lifetime product pur than the polymer molecular weight, with different
molecular weights exhibiting almost identical p7(n) behaviour. However there
are some differences in carrier lifetime and mobility, with both HMW polymers
showing slightly lower recombination lifetime and higher mobility, consistent with
previous reports [194, 195].

Plotting these parameters as a function of charge density n allows comparison
of materials, independent of the particular devices being studied. However in this
case, in order to explain the behaviour of a particular set of devices, it is helpful
to examine the behaviour as a function of light intensity (Figure 5.24). These
data show the same trends, but the difference in mobility for different molecu-
lar weights is greater than that of recombination lifetimes, suggesting that low
molecular devices could possibly suffer from poorer charge carrier collection due
to poor mobility. The analysis of voltage losses due to non-radiative recombina-
tion however suggests that both low MW polymer blends suffered from greater
non-radiative recombination. Therefore it appears that the low molecular weight
devices have lower electronic quality, and that this likely impacts the performance.
However, these differences in electronic quality do not appear sufficient to fully
explain the differences in Jg, as seen from the estimation of IQE.

The VASE data in Section 5.3.6 show a strong effect of molecular weight on



Recombination lifetime 7 (s)

148

5.4. Discussion

104 v C3-84

e

° A, v

° Ay

am %o v v
105_' l.:o. A‘Izv

s I-. ° AXI C3'16

C1-120 "™ 4 se, T Xy

L . AV
10°F et
C1'55. [ °
10 100

Light intensity ¢ (% sun)

G

-
o
A

Mobility z (cm® V' s™)

C1-120

.....-IIII.
gn B R
e C1-55
B e 0P © 0 0 o, i
C ...~o
.::AAAMAAAAAAAAAAAA
| [ ] A va
A vyvvvyvw
C3-84 v
| Vvvvv
, C3-16
1 10 100

Light intensity ¢ (% suns)

Figure 5.24: Charge dynamics parameters of C1 and C3 devices plotted as a function

of light intensity. (a) Large perturbation recombination lifetime, and (b) drift mobility.

These data are the same as those plotted in Figure 5.7, but by plotting as a function of

light intensity, the behaviour of devices under the same illumination, for example one
sun conditions, can be compared. The devices are all ITO/ZnO/DPP-TT-T:PC7BM
(1:2, w/w)/MoO3/Ag; C1-120 is shown by dark red squares, C1-55 by red circles, C3-84
by dark blue up-triangles and C3-16 by light blue down-triangles. The devices were

made by Dr Shahid Ashraf.
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complex refractive index. Notably, higher MW polymers exhibited a higher ex-
tinction coefficient k. We confirmed these results using samples of different film
thicknesses, different substrates, and using different ellipsometers. The trend in
extinction coefficient of pristine polymer films was reproduced in measurements of
blend films (Figure 5.15 (c,d)). The inability of anisotropic models to fit the data
suggest that the extinction coefficient enhancement arises from intrinsic proper-
ties of the molecules, as opposed to being due to changes in chain packing with
molecular weight. However, since ellipsometry is a solid-state technique, it is dif-
ficult to rule out other soild-state properties such as aggregation. Therefore we
measured UV-Vis absorption spectra of dilute solutions of the pure polymers in
chloroform and 1,2-dichlorobenzene. The trend in solution is identical to that of
films, with the HMW materials absorbing light more strongly at the peak absorp-
tion wavelength than the LMW materials (Figure 5.18). Within the sensitivity
of the UV-Vis spectrometer, the pseudo molar extinction coefficient per monomer
was unchanged for the range of concentrations studied (0.25-25 g ml™' in the
case of C3) and the spectral shape was insensitive to dilution (Figure 5.20). These
observations suggest that the absorption phenomena are not the result of chain
aggregation in solution; however, we cannot rule out any degree of association
between chains.

The estimated IQEs, using the measured EQEs and calculated active layer
absorption via TMM, indicate that enhanced optical absorption is responsible
for an increase in J. of 816% and improved IQE is responsible for a further,
similar increase of 9-32% (Tables 5.10 and 5.11). It is worth here considering more
generally under which conditions enhanced optical absorption can be expected to
result in increased current collection. For a given absorption strength, thicker
films allow absorption of more light, however in a collection-limited regime, the
efficiency of carrier collection in thick films decreases due to recombination during
transit. Therefore, the optimum thickness for a solar cell is a compromise involving
the optical absorption coefficient as well as the charge carrier lifetime and mobility.
To assess the effect of absorption coefficient on photocurrent generation we can use

the simple Hecht relation, which was derived in Section 2.5.3 and is reproduced

7))

where Lq, = pm(Viy — V) /d is the drift length. In the case of ideal collection

here:

EQE(E) = L;r 1 — exp(—a(E) d)] {1 ~exp <—

(Lar > 1/a), when layers are optically thick the effect of an enhancement in « of
a factor of X results in an enhancement of less than X in EQE, and this enhance-

ment decreases toward unity as thickness is increased (Figure 5.25, top panel).
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However in the case of organic solar cells, where typical values for lifetimes are
1079 seconds, mobilities 107® m?V~=!'s™! V; ~ 1 V and d ~ 100 nm, and maxi-
mum absorption coefficient is less than 10° cm™!, the collection depth is 1077 m
which is similar to the absorption depth 1/a only at peak absorption, and smaller
than 1/a everywhere else (Figure 5.25, bottom panel). In these conditions an
increase in « is expected to cause a substantial increase in the maximum avail-
able photocurrent, which tends towards a proportionate effect on the photocurrent
when Lg, < 1/a. For the typical values given above, an enhancement of 1.5 in «
leads to an enhancement of a factor of 1.2 in the maximum EQE. Note that the
model employed here is for monochromatic light and no reflection; the wavelength
chosen to approximate the blend absorption is 600 nm.

The increase in EQE may be larger than expected from the simple model when
the change in absorption coefficient is accompanied by a change in electrical qual-
ity. Figure 5.25 also illustrates the case when, in collection limited devices, higher
absorption is accompanied by better collection (improved p7). The enhancement
in maximum photocurrent is greater than expected from the enhancement in «.
Therefore, enhancement in absorption coefficient impacts solar cell performance
especially when charge collection efficiency is limited and its effect will be enhanced

by any synergy between absorption coefficient and collection efficiency.
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Figure 5.25: Simple model of photocurrent external quantum efficiency as a function
of thickness, calculated assuming drift-dominated current and first order carrier recom-
bination. (a) The case of standard (o = 1.6 x 10° em™!, light blue line) and enhanced
a = 2.4 x 10°> em™!, dark blue line) absorption when collection length is infinite. (b)
The effect of absorption and mobility-lifetime product when carrier collection is lim-
ited: for the cases of standard absorption and standard carrier collection (o = 1.6 x 10°
em ™, ur = 107" m? V1) (light blue line), enhanced absorption and standard carrier
collection (o = 2.4 x 10° cm™!, pr = 1074 m? V=1) (medium blue), and enhanced ab-
sorption and enhanced carrier collection (o = 2.4 x 10° cm™!, pur =2 x 107 m2 V1)
(dark blue).
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5.5 Conclusion

We have determined that molecular weight, as opposed to side-chain design, is the
pertinent factor in this set of DPP-TT-T polymers. Furthermore, we have iden-
tified enhanced optical absorption, in concert with improved electronic quality,
as the source of the enhanced photocurrent generated in high molecular weight
DPP-TT-T devices. Furthermore, we have highlighted the regime in which optical
absorption can be expected to have the greatest impact on current available from
solar cell devices. However, the underlying mechanism behind the higher absorp-
tion in high molecular weight polymer has not yet been established; this will be

the subject of the following chapter.

5.6 Experimental Details

The polymers were all made by Iain Meager according to the synthesis described in
[188]. The molecular weights were determined by gel permeation chromatography
using low-PDI (< 1.10) polystyrene standards, and chlorobenzene as the eluent.

The fabrication method used to make bulk heterojunction solar cells varied
through the project, although the active layer was always a polymer: PC;,BM
blend with a ratio of 1:2 (w/w). The blend was solution-processed from a 15
mgml~! (total concentration) solution in a 4:1 volume mixture of chloroform:1,2-
dichlorobenzene. The solar cells shown in Figure 5.2 were fabricated by Shahid
Ashraf with a conventional device configuration (ITO/ PEDOT:PSS/ polymer:
PC7;BM/ LiF/ Al), where the PEDOT:PSS and blend layers were spin-coated.
The solar cells I used to measure the data in Figure 5.5 also had a conventional
architecture, namely ITO/PEDOT:PSS/polymer:PC7;BM/Ca/Al. In this case, I
blade-coated both the PEDOT:PSS and blend layers; the PEDOT:PSS layer was
standard, but the blend layer was coated at a speed of 99 mms™! to ensure the
thickest possible film. The solar cells shown in Figure 5.4 on the other hand were an
inverted architecture: ITO/ZnO/polymer:PC7BM/MoO3/Ag, with a spincoated
active layer, made by Shahid Ashraf. With the exception of the devices measured
in Figures 5.2 and 5.5, the devices shown in this chapter were all this latter archi-
tecture, made in the same batch, with the MoO3 and Ag electrodes evaporated at
the same time.

I bladecoated the DPP-TT-T films and corresponding polymer:PC;BM (1:2)

1

blends for ellipsometry at speeds ranging from 10 mms~! to 70 mms~! in order

to vary film thickness in a range between 40 nm and 140 nm. Mariano Campoy-
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Quiles performed a multi-sample investigation, which typically included three film
thicknesses and two different substrates (spectrosil and silicon) for each material
(5 to 6 samples). He performed additional measurements on selected systems
using two other substrates: glass/PEDOT:PSS (30 nm) and silicon/SiOs (1030
nm). Mariano measured a total of 92 samples across multiple batches of the three
polymers, and acquired variable-angle spectroscopic ellipsometry (VASE) and, in
some cases, photometry data for the samples described above at three to five
angles of incidence between 55 and 75 degrees using a Sopralab GES-5E rotating
polarizer spectroscopic ellipsometer (SEMILAB) coupled to a CCD detector. The
standard critical point model (SCP) [173] was used to fit the data for both pristine
DPP-TT-T films and corresponding blends.

I prepared the solutions for the solution UV-Vis measurements taking care to
weigh out enough material such that the error of the mass balance was < 10%.
I set the solutions stirring overnight on a hotplate; I varied the temperature ac-
cording to the particular solvent being studied, and the solubility of the polymer.
I took care to ensure that each sample had the same thermal history so that
results could be compared. 1 used both chloroform and 1,2-dichlorobenzene as
solvents, as well as a 4:1 mixture of the two, to simulate the coating solution
for devices. However 1,2-dichlorobenzene was more appropriate especially for the
temperature-dependent measurements. The typical concentration I used was 5
pgml~!, as this provided a balance between good signal to noise ratio given our
set-up with a cuvette pathlength of 1 cm, and ensuring that the solutions were
dilute enough to reduce any multi-chain effects. To this end, I also performed
a concentration-dependent measurement, varying the concentration between 0.25
pgml~! and either 10 pgml=" or 25 pgml~—! for C1 and C3 solutions respectively.
The concentration range was achieved by consecutively diluting a stock solution,
heating the solution on a hotplate in between dilutions to ensure full dissolution
and dispersion.

The temperature dependence absorption spectra were taken using a 1,2-dichloro-
benzene polymer solution, at a concentration of 5 pgml~—!, which was heated in
a cuvette to 150 °C. I then transferred the cuvette to the UV-Vis spectrometer
and measured absorption spectra as the solution cooled; I minimised the range
and increased the acquisition speed to ensure as little variability during measure-
ment as feasibly possible. I then verified the temperature during measurement
by subsequently repeating the experiment with a thermocouple in the solution to
measure the rate of cooling. Unfortunately I was unable to use the thermocouple

during spectrum acquisition because the thermocouple was in the beam path.






Chapter 6

Understanding absorption in

conjugated polymers

6.1 Abstract

The work presented in this chapter is a direct extension of the work in Chapter 5,
specifically the observation that polymer molecular weight can affect the magni-
tude of light absorption. Furthermore a review of the literature reveals that the
peak extinction coefficient of high MW DPP-TT-T is about 50% greater than any
polymer previously measured. With the help of quantum chemical calculations,
we establish that polymer persistence length is the pertinent factor, and can pre-
dict high absorption in other polymer structures. We also find that the difference
in absorption due to MW is related to the chain conformations, and postulate that
for the case of high MW polymer, the polymer-polymer interactions out-compete
the polymer-solvent interactions resulting in a greater proportion of linear chains.
In order to probe the chain length dependence more fundamentally, I studied the

solution absorption of a systematic series of oligomers.
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the materials I am lucky enough to use. C8-IDTBT was made by Hugo Bronstein
while a member of Tain McCulloch’s group in the Chemistry department of Impe-
rial College, while the DPP oligomers were made by Anastasia Leventis under the
supervision of Hugo Bronstein at his current post in the Chemistry department
of University College London. And finally Sophia Hayes and her post-doctoral
researcher Galatia Pieridou from the Chemistry department of the University of
Cyprus did an extensive resonance Raman spectroscopy investigation of the DPP-
TT-T polymers which provided insight into the molecular weight dependence of
the polymer absorption reported in Chapter 5.

6.2 Introduction

The previous chapter identified optical absorption as a possible design target for
enhancing organic solar cell performance. However most of the polymer design
efforts to date have focussed on broadening and red-shifting the optical absorption
as the means of increasing photon harvesting [15], without considering the strength
of the optical transitions, although there have been some exceptions [196]. So in
light of our observation of molecular weight-dependent absorption of a particular
polymer, we wanted to first determine how this absorption compares to other
conjugated polymers.

Figure 6.1 shows that there is a large variation in the maximum extinction co-
efficient of organic materials, as measured using spectroscopic ellipsometry. How-
ever, regardless of the wavelength of maximum absorption the extinction coeffi-
cient of the best-performing materials never exceeds unity. The data shown are for
polymers and small molecules with a wide range of different chemical structures
as well as self-organising tendency. Expressed in terms of the imaginary part of
the dielectric function instead, this maximum lies around 3.9 +0.2 (corresponding
to a linear absorption coefficient o of 1.6 x 10° ecm™! at 700 nm). Figure 6.1,
right panel, also shows the spectral lineshapes of some of the highest absorbing
materials displayed in the left panel; the energetic breadth of the primary optical
transition is relatively consistent, varying by < 20%. In this context, the maxi-
mum extinction coefficients of 1.5 observed for high molecular weight DPP-TT-T
(Figure 5.15) are remarkable.

Therefore there are two important questions to address: firstly, why DPP-
TT-T polymers exhibit an optical absorption strength so much higher than the
values normally observed for conjugated polymers, and second, how MW affects

the magnitude of absorption in DPP-TT-T. In addition, systematically study-
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Figure 6.1: Extinction coefficient s spectra and maximum value of x for a range of

TT—T%

T, as a func-

conjugated polymers. Left panel: extinction coefficient maximum,
tion of peak absorption wavelength for a large set of polymers based on one or more
of the following moieties: fluorene, para-phenylene, thiophene, cyclopentadithiophene,
carbazole, isoindigo, benzodithiophene and quinoxaline. The specific materials and rel-
evant references used to prepare this figure are tabulated in Section 6.6. Right panel:
extinction coefficient spectra for a smaller selection of conjugated polymers that have
been widely studied for organic solar cells. The maximum x lies at around 1, whereas
the energetic breadth of the primary optical transition varies by < 20%. Data collated
and figures prepared by Mariano Campoy-Quiles.

ing oligomers of increasing length has been a successful strategy to understand
molecular weight-dependent effects in conjugated polymers [197, 198]. Therefore
I applied this by studying oligomers based on the DPP subunit.

This chapter will therefore tackle each of these open questions through both
theoretical and experimental techniques. Firstly, quantum chemical calculations
of the oscillator strength for different materials were done by my colleague Dr
Sheridan Few to elucidate the important factors in polymer chemical structure.
Secondly, we apply these insights to identify and test other polymer systems which
might exhibit high optical absorption. Furthermore, with the help of resonance
Raman spectroscopy performed by Prof Sophia Hayes we investigate the origin of
the MW-dependent absorption in DPP-TT-T. Finally we conduct an investigation
of the solution absorption of DPP-based oligomers to further investigate chain-

length absorption dependence.
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6.3 Results

6.3.1 Calculations

Section 2.3 outlined the relationships between the transition dipole moment, oscil-
lator strength and complex dielectric function (egs. (2.28) and (2.29)), which form
the basis of the calculations in this section. Sheridan Few used time-dependent
density functional theory (TDDFT) to calculate the oscillator strength and tran-
sition energies of the first set of excited state transitions for oligomers of n =1 -
8 or more repeat units. The structures of the oligomers studied are displayed in

Table 6.1, along with the corresponding polymer name.

Dr Few used GaussView [199] and Gaussian 09 [200] to prepare the optimised
geometries of the structures. For most of the oligomers studied, the torsional po-
tential between successive monomers has two minima: when successive monomers
are rotated by approximately 180° relative to each other (here referred to as ‘trans’)
and when monomers are oriented in the same sense (referred to as ‘cis’). The no-
table exception to this trend is polyfluorene, which is generally not planar, but
can adopt a S-phase which is planar and trans by definition. The trans conforma-
tion tends to lead to more linear oligomer structures, whereas cis structures tend
to exhibit curvature of the backbone within the conjugated plane. The degree of
non-linearity in the ground state structure is captured by the angles 0., and 0ying,
which are defined as in Figure 6.2. Two limiting cases can be considered when
calculating properties of the oligomers: when all the monomers are in the trans
configuration, and when all the monomers are in the cis configuration. These

resulting all-trans and all-cis structures are displayed in Table 6.2.

The oscillator strength of oligomers can be calculated by constructing first the
natural transition orbitals ¢; and v¢;, where 9 is defined by the electron and hole

molecular orbitals:
vp =Y 650 (6.1)

where (ﬁ? are the molecular orbitals corresponding to the electron and hole re-
spectively. Thus the transition dipole moment is calculated by p = e [ w}rwid?’r.
Figure 6.3 shows typical oscillator strength line spectra: specifically those of olig-
othiophene and oligo-DPP-TT-T. As is evident from the figure, the lowest energy
transition is by far the strongest in both cases; we found that this appears to be
a property of all the trans conjugated oligomers we studied. The spectra for both
trans and cis conformations of oligo-DPP-TT-T are displayed; this shows clearly

how the two conformations have transitions at very similar energies, but with dif-
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Figure 6.2: The definitions of Oyon and Oying. Oring (green) is the angle between the
bonds preceding and succeeding a conjugated ring, for example between the red and
green bonds above. Oyon (blue) is the angle between the bonds preceding and succeeding

a monomer unit, for example between the red and blue bonds above. Figure prepared

by Sheridan Few.

Table 6.1: Names and chemical structures of oligomers studied. For cases where the
oligomer name differs from the polymer name, the oligomer name is in parentheses. The

oligomers have hydrogen atoms instead of side-chains in order to ease the computational

demand.
Polymer Polymer full name Oligomer structure
(oligomer)
abbreviation
P3HT (T) Poly-3-hexylthiophene-2,5-diyl
PFO (F) Poly-9,9-di-n-octylfluorenyl-2,7-
diyl
Poly-2,6-(4,4-bis-(2-ethylhexyl)-
PCPDTBT 4H-cyclopenta [2,1-b;3,4-
b]dithiophene)-alt-4,7(2,1,3-

benzothiadiazole)

Continued overleaf
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Table 6.1: (cont.) Names and chemical structures of oligomers studied.

Polymer Polymer full name Oligomer structure
(oligomer)

abbreviation

Poly((4,4’-bis(2-  ethylhexyl)-

dithieno(3,2-  b:2",3'-d)silole)- & s
Si-PCPDTBT 96 diylalt-  (4,7-bis(2-thienyl)- (S AN
2,1,3- benzothiadiazole)-5,5- N
diyl)
Poly 2,7-(9,9- dioctylfluorene)- NS,
FODTBT A
alt-4,7- bis(thiophen-2-yl)benzo- Q [ ] s O s
(FTBT) 2,1,3-thiadiazole L/
Poly(9-(1-octylnonyl)-
9H- carbazole-2,7-diyl)- H \ NS
PCDTBT 2,5- thiophenediyl-2,1,3- 20 et
N~ /
benzothiadiazole-4,7-diyl-  2,5- L/
thiophenediyl
Poly[[2,5-bis(2-octyldodecyl)-
2,3,5,6-tetrahydro-3,6- y
: s H_o
DPP-TT-T dioxopyrrolo[3,4-c|pyrrole- C |S\ s sk
1,4-diyl]-alt-[[2,2"-(2,5- PN Sy
H

thiophene)bis-thieno([3,2-
b|thiophen]-5,5"-diyl]]

Poly(3-(2,2’-bithiophen-  5,5-
DPP3T y1)-2,5-bis(2-  octyldodecyl)-6-

(thiophen-  2,5-yl)pyrrolo|3,4-

c|pyrrole-1,4(2H,5H)-dione)

Continued overleaf
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Table 6.1: (cont.) Names and chemical structures of oligomers studied.

Polymer Polymer full name Oligomer structure
(oligomer)

abbreviation

Poly-4,4,9,9-tetraoctyl-4,9-
IDTBT dihydro-s-indacenol[1,2-

b:5,6-b’]dithiophene-alt-

benzo[c|[1,2,5]thiadiazole

Table 6.2: Optimised geometry for planar oligomers of 60 < N, < 85, and associated
monomer length and 6y,,,. The all-trans and all-cis conformations are shown for all

oligomers except for 8-F, for which a cis conformation is not defined.

M
onomer . (o>

Name All-trans conformation All-cis conformation .
length (A)
T « 4.0 27
B-F x Al TP e g 8.6 23
WG § i j‘ »q o . ‘ ‘ 1
CPDTBT s A P4 E0003dn a ¥ "TAS, o o dr 123 28
Sy L R L:) Y 2 ﬂiﬂ;x\x

Continued overleaf
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Table 6.2: (cont.) Optimised geometry for planar oligomers of 60 < N, < 85, and

associated monomer length and ,0n.

. . . Monomer
Name All-trans conformation  All-cis conformation - Bmon (°)
length (A)
. AL ¢ [0S ™ : ° » 1
Si-CPDTBT . , 354001 4 ¥4 #<d 3., oS 12.3 44
yo &S

‘L? fhi ) A (:* $o § 4 .
FTBT D A S U IS 0 a2 9829 ¥ e 19.3 40
b ¢ ¢ () f‘ ‘k:t“ N . ‘Lt(\\‘
323 3o
CDTBT ATl A AL 191 35
a0d a0 e, ‘(J A A ~ {
’ Y 'y
DPP-TT-T {38, sadl pentd Wi ta .  Rodds 207 27
¥ H TNLLNTS pL L3 ”Y» ‘
DPP3T . .oifpnin¥toe oido TUe Lo WY 188 27
IDTBT BN BRara il 164 0

ferent intensities. Most significantly, the second transition for the trans case is
dark while for the cis conformation it is bright. In addition, similar calculations
of the excitation spectra of various polymer sub-units showed that the DPP unit
has a low excitation energy with a high oscillator strength. Therefore it is possible
that the low excitation energy and high oscillator strength of DPP-based polymers
is due to coupling of the polymer excitation to the DPP unit alone.

In order to compare between different oligomer lengths and material systems,
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Figure 6.3: Calculated oscillator strength spectra, normalised by the number of 7-

electrons N. The spectra for oligothiophene (o-T, black squares) and oligo-DPP-TT-T
(red circles) were calculated using TDDFT with CAM-B3LYP/6-31g*; the oligomer
lengths were chosen such that in both cases, 140 < N, < 150. Thus, o-T is 25 monomer

units long while DPP-TT-T is four monomer units long, resulting in N, values of 150

and 144 respectively. The spectrum for o-T is shown for the trans conformation, while
for o-DPP-TT-T both the trans (filled circles, solid lines) and cis (open circles, dashed

lines) are shown. In all cases, any dark transitions are also indicated. These values were

calculated by Dr Sheridan Few.
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a normalised oscillator strength for the dominant transition, f;, was obtained by
dividing fo; (the oscillator strength of the first excited state) by the estimated
number of m-electrons in the system, N, (see Table 6.3); this is justified since
most of the oscillator strength in the visible region resides in this first electronic

transition for the systems we studied.

The principal strategy employed to design low band-gap polymers is to alter-
nate electron-rich (‘donor’) and electron-deficient (‘acceptor’) components along
the polymer chain, resulting in some charge transfer character in the first transi-
tion [201, 202]. This push-pull character of the transition could plausibly result
in the transition strength decreasing, due to the diminished electron-hole spatial
overlap. To check this, Dr Few calculated the degree of charge transfer between
the donor and acceptor units, and found little correlation between this and the
normalised transition dipole moment g /N, of the first transition. That said, for
the case of DPP-TT-T, there was very little charge transferred in the first transi-
tion between the DPP and thiophene block; the little charge that was transferred
actually appeared to be from the DPP (commonly thought of as the acceptor)
to the thiophene (commonly the donor). This observation is consistent with a

previous study [187].

Figure 6.4 shows f; as a function of N, for several conjugated oligomers in
both the all-trans and all-cis conformations. In all systems, f; rises with N for
small N,. For the case of the all-trans conformation, f; rises monotonically before
levelling off. However, for the case of the all-cis conformation, f; decreases with
N, after reaching a maximum. It is evident from these data that while the homo-
oligomers studied appear to do well in the all-trans limit, they especially suffer
when the all-cis limit is considered instead. DPP-TT-T however is notable in that
its normalised oscillator strength is less strongly dependent on conformation than

the other structures.

Although there is little experimental data on oligomer specific absorption, these
results are consistent with experimental measurements of highly monodisperse
oligomers of 3-hexylthiophene, which show a rising mass attenuation coefficient in
solution with oligomer length up to NV ~ 25 repeat units [197]; the calculations
are also consistent with published data on absorption by fluorene [203] and the
trend is consistent with data of thiophene-co-quinoxaline oligomers [204]. This
rise in f; with N can be attributed to a superlinear increase in polarisability with
oligomer length, as reported for thiophene, acenes, and other elongated conjugated
molecules at short lengths [205]. In the first excited state, the transition dipole

moment g7 is strongly aligned with the long axis of the oligomer, and capable of
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Table 6.3: The number of 7-electrons counted per polymer subunit.

Name Abbreviation  Chemical structure Number of
m-electrons, N,

S
Thiophene T \@/ 6
S
Thienothiophene TT \ / \ 10
)
O
HN
Diketopyrrolopyrrole DPP SN 10
NH
(0]
NN

Benzothiodiazole BT i\ /f 10

Fluorene F 0.0 12

Cyclopentadithiophene CPDT / \ 12
S S
Ha
Si-cyclopentadithiophene Si-CPDT / \S' T\ 12
s s
N
Carbazole CZ 14
Indacenodithiophene IDT { . 'Q s 18
/
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Figure 6.4: Calculated oscillator strength for the first transition, normalised by the
number of w-electrons N;. F 3 refers to S-phase oligo-fluorene (lilac squares) and T
refers to oligo-thiophene (magenta circles). Oligo-DPP-TT-T is represented by blue
up-triangles, oligo-Si-CPDTBT by yellow left-triangles, oligo-CPDTBT by cyan down-
triangles, and oligo-CDTBT by green diamonds. Top panel: normalised oscillator
strength f; of the lowest energy transition as a function of N, for oligomers calcu-
lated in the alternating (trans) configuration, calculated using TDDFT with CAM-
B3LYP/6-31g* with the inter-monomer angles constrained to the cis or trans values
during geometry optimisation. The inset shows the calculated all-trans conformation of
a CPDTBT oligomer. Bottom panel: as top panel for the cis conformation. The inset
shows the calculated all-cis conformation of a CPDTBT oligomer. Note that oligoflu-
orene does not normally planarise, and so the trans/cis representation does not apply.
It can form a meta-stable phase, the 8-phase, which is planar in the trans configuration
so is included in the top panel, but it does not form the cis conformation so is omitted

from the bottom panel. These data were calculated by Dr Sheridan Few.
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Figure 6.5: Modelled e9 spectra calculated from eq. (2.28) using calculated f; values for
oligomers containing a similar number (around 140-160) of m-electrons. The transitions
are broadened with a Gaussian function of width 0.25 eV. The all-trans case for each
oligomer is represented by solid lines, whereas the all-cis case is represented by dotted
lines. The shaded area represents the range of intermediate conformations which the

oligomer is expected to adopt.

coupling strongly with a plane-polarized electromagnetic field.

Both homo-oligomers studied (fluorene and thiophene) in the all-trans con-
figuration show a larger value of f; than any donor-acceptor structures, across
the calculated range of N,. However this can be attributed in part to their high
transition energy relative to the donor-acceptor copolymers (eq. (2.29)), and does
not necessarily imply high extinction at any wavelength of interest. In solar cells,
for example, we seek high oscillator strength at energies where solar irradiance is
high. When the effect of transition energy is removed therefore in Figure 6.5 by
calculating ey spectra for the first transition of oligomers of similar size (N, =
140-150) in the all-trans conformation, then the extinction of different materials
becomes comparable. Even in this representation though, DPP-TT-T shows an
unremarkable extinction strength.

The loss in extinction with increasing length of the all-cis oligomers is due to
the oligomer curvature, which causes jo; to increase sublinearly with N, but the
size of the effect is dependent on the chemical structure. For example, Si-CPDTBT
suffers a strong loss in specific extinction due to its high curvature, resulting from
the large angle 6., of 44° between vectors joining successive monomer pairs,
whereas DPP-TT-T with 0., = 27° and a longer monomer suffers the least (see

Figure 6.6). Much of the lost oscillator strength is recovered in higher-lying states,
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Figure 6.6: Illustration of the influence of oligomer conformation on the overall tran-
sition dipole moment. Each monomer contributes a vector of equal magnitude, fmon
(blue arrows), oriented in the direction of the preceding intermonomer bond, to the
transition dipole moment of the oligomer, jio1ig (red arrows). fiolie will be largest if all
monomers are colinear (top case), will be only slightly shortened in the trans confor-
mation (middle), and will be much shorter in the cis conformation (bottom). Figure

adapted slightly from Sheridan Few.

but these are less useful for solar light harvesting. Allowing that, at room temper-
ature, any conjugated polymer will sample a range of conformations, the all-trans
and all-cis cases represent the limits between which the average extinction must
lie. In the case of DPP-TT-T, the lower (cis) limit lies very close to the upper

(trans) limit.

It is important to note that curved and linear oligomers differ in their oscillator
strength, but not, to a first approximation, in the transition energy, because the
different conformers studied here are not strained. The effect is captured in the
concept of persistence length, which can be related directly to u, as opposed to
conjugation length, which is usually related to transition energy [206, 207]. The
persistence length represents the average projection of all bonds in the polymer
onto any selected bond. We can assume that the polymer remains completely
planar, with bends allowed only as a result of cis/trans isomerism of neighbour-
ing conjugated rings. Therefore the possible bond directions are limited and each

possible configuration can be weighted by the expected population at room tem-
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Figure 6.7: Calculated persistence length for a range of polymer structures. Data
calculated by Sheridan Few using the method outlined above and in [206, 207].

perature by considering the energy required to flip a single ring in the chain.
Further details of the method are described in [208].

Figure 6.7 shows the calculated persistence lengths A, for a range of con-
jugated polymers using the above method. These results show that DPP-TT-T
exhibits a substantially higher persistence length than any other polymer we stud-
ied. Specifically, DPP-TT-T benefits from the relatively long monomer, small ,,,,
and relative preference for trans alignment. The high linearity of DPP-TT-T was
also noted in a computational study of polymer conformations in solution [209].
The positive correlation between persistence length and extinction coefficient has
been used previously to infer conformation from extinction [210], but not in the
context of designing strongly absorbing conjugated polymers. The calculated val-
ues of A, are generally greater than values determined experimentally [210, 211],
suggesting that factors other than the theoretical potential energy surface, such as
intermolecular interactions and torsional disorder, may influence chain extension
in practice. In addition, although the relative depths of torsional minima influence

Ap, the steepness of the torsional potential alone is not a critical parameter.

Within this picture it is possible to rationalise a chain length dependence of
oscillator strength in DPP-TT-T. In a solution-processed polymer sample, many
conformers will be present in a variety of permutations of relative monomer align-
ment, with chain extension lying between the all-trans and all-cis limits. The es-

timated persistence length reflects this distribution. The range of conformations
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- together with the monomer length, monomer alignment and torsional poten-
tial - results in a range of absorption strengths. In the case of DPP-TT-T, the
chain curvature, and hence oscillator strength, is relatively insensitive to chain
conformation (that is, all likely conformations are relatively straight), leading to

an average extinction that exceeds that of all other materials studied here.

6.3.2 Test of persistence length-absorption relationship in

polymers

To test the proposal that persistence length dominates optical extinction in so-
lution we identified additional polymers with long monomers and high expected co-
linearity (small f,0,). Namely, we studied an indacenodithiophene-co-benzothiadi-
azole polymer (C8-IDTBT) [177] and an alternative DPP-based polymer diketo-
pyrrolopyrrole-terthiophene (DPP3T); see Figure 6.8 for chemical structures. C8-
IDTBT is the same polymer backbone as shown in Chapter 4 but the alkyl side-
chains are different. The benefits of the high co-linearity of IDTBT (but with
Ci6 side-chains) is mentioned in [124]. C8-IDTBT has a theoretically co-linear
monomer structure (i.e.fyon = 0), resulting in an infinite persistence length.
Meanwhile the persistence length of DPP3T was calculated and presented in Fig-
ure 6.7, and is comparable to DPP-TT-T. DPP3T has also exhibited good am-
bipolar transport and solar-cell performance [212], and is interesting on account
of its low radiative losses [27]. T therefore investigated the absorption of these two
polymers to test our proposal.

I measured the absorption of the polymers in solution, taking UV-Vis measure-
ments of the polymers at room temperature in 1,2-dichlorobenzene (Figure 6.9). I
chose a dilute concentration of 5 pgml~! in order to minimise the interchain inter-
actions. However, some reports in the literature suggest that there are still likely
to be multichain species in solution [213, 214]. As Figure 6.9 shows, the maxi-
mum extinction coefficient, when normalised per mole of m-electrons, of DPP3T
and C8-IDTBT are very similar to that of high molecular weight DPP-TT-T. For
the case of C8-IDTBT, a range of molecular weights were available (see Table 6.4
for molecular weight information), and I found no trend with molecular weight
for this polymer. I should also note that the UV-Vis absorption of CoCg-IDTBT
measured in Chapter 4 (displayed in Figure 4.5) has a maximum of 1894 cm™!
mol e-~!, which is less than the maximum of C8-IDTBT. It is possible therefore
that for this polymer, the side-chains affect the polymer linearity.

In addition to the solution measurements, Dr Mariano Campoy-Quiles per-
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Figure 6.8: Chemical structures of (a) octyl-indacenodithiophene-co-benzothiadiazole
(C8-IDTBT) and (b) diketopyrrolopyrrole-terthiophene (DPP3T).
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Figure 6.9: Solution ultraviolet-visible absorption spectra of DPP3T (green) and C8-
IDTBT (purple); solutions were 5 pgml~! in 1,2-dichlorobenzene. All data were nor-
malised per mole of m-electron. Four molecular weight fractions, C8-IDTBT-2, -3, -5
and -8, were available for C8-IDTBT: the lower molecular weights represented by lighter
colours. The M, values range from 43 to 459 kgmol™!, and the full molecular weight
information is listed in Table 6.4. For reference, the analogous data of high molecular
weight DPP-TT-T C3 (C3-99) (dark blue) is shown.
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Figure 6.10: VASE-derived complex refractive index data for C8-IDTBT films (purple)
and DPP3T (green). In the case of C8-IDTBT, multiple molecular weight fractions
were available: C8-IDTBT-7 (light purple, lowest MW), -4 (purple) and -2 (dark purple,
highest MW). The M,, values of the C8-IDTBT polymers range from 52 to 459 kg mol .
The data shown here correspond to thin films (30-50nm).

formed VASE on films of the polymers, and found that the optical extinction
maxima are indeed comparable to DPP-TT-T (Figure 6.10). Dr Campoy-Quiles
measured samples of three molecular weights of C8-IDTBT: -2, -4 and -7 (see
Table 6.4), and this time we found a small dependence of extinction coefficient
on molecular weight for this polymer. These results therefore confirm persistence

length as a useful metric to possibly screen for high-absorbing materials.

6.3.3 Probing the origin of molecular weight dependence

of absorption in DPP-TT-T

Thus far, the molecular weight dependence of DPP-TT-T absorption has not yet
been adequately addressed. Examining the gel permeation chromatography data,
it is evident that for both low- and high-MW fractions, the majority of the MW
distributions lie at MWs beyond the point where the calculated specific extinc-
tion begins to saturate (Figure 5.3). Therefore, the lower extinction coefficient
of low-MW polymer is not explained by limited polymer chain length. An alter-
native hypothesis is that the chains in the LMW and HMW samples are present
in different distributions of conformation. This idea is supported by the higher

relative strength of the second shoulder (apparent 0-1 vibronic peak) in the ab-
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sorption spectrum for the LMW than the HMW sample (Figures 5.15 and 5.18).
It has been shown by theoretical studies that oscillator strength is transferred
from the 0-0 to higher vibronic transitions as a polymer is curved [45, 215]. In-
terestingly, another study also showed that, as a polymer becomes more coiled,
oscillator strength is lost from the lowest electronic transition and gained by higher

electronic transitions [45].

Raman spectroscopy is the inelastic scattering of laser photons; some of the
photons leaving the sample are shifted in energy relative to the incoming pho-
tons. This occurs because the incoming photons can excite a molecule to a virtual
state, which can then relax down to the initial state, which would result in elastic
Rayleigh scattering, or can relax to a different vibrational mode of the ground
electronic state (see Figure 6.11). Therefore any shift in photon energy is due
to the vibrational modes of the molecule. Resonance Raman (RR) spectroscopy
is a particular case, and involves exciting a sample at a wavelength within an
absorption band of the sample being measured. The vibrational modes partic-
ularly associated with the electronic transition are selectively enhanced, so the
RR spectrum can probe structural changes on electronic excitation. Specifically,
the intensities of RR bands are directly related to the displacement between the
ground and excited state potential energy surface minima along specific normal
coordinates. Therefore it is possible to quantify the Raman spectrum and model
the RR cross-sections as a function of excitation wavelength for the most intense
bands simultaneously with the absorption spectrum; this is called RR intensity
analysis (RRIA). From this analysis it is possible to model the shape of absorp-
tion spectra, thus providing the most appropriate combination of displacements
between the ground and excited state potential energy surfaces, and transition

dipole moments to describe the optical response [216].

Professor Sophia Hayes and her group are experts in RRIA analysis, and so
we collaborated with them to investigate solutions of DPP-TT-T. The purpose
of this work was to investigate the origin of the difference between high and low
molecular weight DPP-TT-T, from the perspective of the vibrational modes in the

material.

Figure 6.12 shows the RR spectra of dilute solutions of low and high molecular
weight C3 DPP-TT-T (C3-16 and C3-99) in 1,2-dichlorobenzene and chloroform,
excited at two different wavelengths (683 nm and 737 nm), both of which are in res-
onance with the main absorption band of the polymer. Interestingly, the relative
intensities of the bands change significantly with excitation wavelength, suggest-

ing contributions from different electronic transitions to the absorption spectrum.
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Figure 6.11: Schematic showing Rayleigh elastic scattering, and the two types of
Raman scattering. Stokes Raman scattering results in the photon energy being down-
shifted in energy, because the molecule relaxes to a vibrational level above the ground
vibrational state. Conversely, anti-Stokes Raman scattering results in the photon energy
being up-shifted in energy, because the molecule is excited from a higher vibrational state
than the level it relaxes down to. The magnitude of Stokes scattering is greater than
anti-Stokes, because the population of the ground vibrational state is larger than in
higher vibrational states. Elastic scattering meanwhile is by far the dominant process.
Indicated on the diagram are the ground state vibrational levels v = 0 — 2, and the

virtual energy states.

Moreover, the analysis showed that the RR cross-sections and absorption spectra
could not be fitted simultaneously with a single dipole-allowed electronic transi-
tion; such fits greatly overestimated the RR cross-sections (Figures 6.13 and 6.14).
This behaviour is atypical and was not expected; other conjugated polymers can

be well-modelled by a single electronic transition.

However, when a second electronic transition lying 160 meV above the first was
introduced, the RR cross-sections were reproduced well (Figures 6.15 and 6.16),
and the analysis was very sensitive to the position of this second transition. In fact,
the second calculated electronic transition lies at around this energy, at around
170 meV above the first calculated transition for tetramers of DPP-TT-T (from
Sheridan Few’s calculations, see Figure 6.3). This second calculated transition
is dark for linear oligomers because of the high symmetry of the oligomer, but
moderately bright in curved (all-cis) oligomers with a transition dipole moment

Ho2 oriented perpendicular to the backbone.

From this analysis therefore, it appears that the high-energy shoulder observed
experimentally in the absorption spectrum can be assigned to the sum of two
contributions: the second vibronic peak of the first electronic transition, and the

first vibronic peak of the second electronic transition for curved chain segments.
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Figure 6.12: Resonance Raman spectra of dilute solutions of C3-99 and C3-16 polymers
in (a) 1,2-dichlorobezene and (b) chloroform. Excitation was at 683 and 737 nm; both
of these wavelengths are in resonance with the main absorption band of the polymer.
Assignment of the bands was done with the aid of calculations of IR spectra of oligomers
of the polymers and is indicated according to the part of the monomer they correspond
to. This figure was prepared by Sophia Hayes and Galatia Pieridou and reproduced
from [208].
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Figure 6.13: Resonance Raman intensity analysis (RRIA) of dilute solutions of high-
and low-MW C3 polymer (C3-16 and C3-99) in chloroform, assuming only one electronic
transition. Top row: experimental (solid black line) and calculated (dashed red line)
absorption cross-sections oa. Bottom row: corresponding experimental (points) and
calculated (solid line) Raman cross-sections (or) as a function of excitation wavelength
for the 1,492 cm™! mode of LMW and HMW C3 polymer. The error bars are the
standard deviation from three measurements of the absolute cross-section of each mode
at each excitation wavelength. It is clear that when the magnitude of the absorption is
fitted, the magnitude of the Raman cross-section is overestimated. Figure prepared by

Sophia Hayes and Galatia Pieridou, and reproduced from [208]
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Figure 6.14: Resonance Raman intensity analysis (RRIA) of dilute solutions of high-
and low-MW C3 polymer (C3-16 and C3-99) in 1,2-dichlorobenzene (ODCB), assum-
ing one electronic transition. Top row: experimental (solid black line) and calculated
(dashed red line) absorption cross-sections 0. Bottom row: corresponding experimental
(points) and calculated (solid line) Raman cross-sections (o) as a function of excitation
wavelength for the 1,492 cm~! mode. The error bars are the standard deviation from
three measurements of the absolute cross-section of each mode at each excitation wave-
length. It is clear that when the magnitude of the absorption is fitted, the magnitude of
the Raman cross-section is overestimated. Figure prepared by Sophia Hayes and Galatia

Pieridou, and reproduced from [208]
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Figure 6.15: Resonance Raman intensity analysis (RRIA) of dilute solutions of high-
and low-MW C3 polymer (C3-16 and C3-99) in chloroform, now assuming two elec-
tronic transitions at different energies. Top row: experimental (solid black line) and
calculated (dashed red line) absorption cross-sections oa. The dashed black and blue
lines represent the absorption spectra for the two transitions that contribute to the
overall absorption band. Bottom row: corresponding experimental (points) and calcu-
lated (solid line) Raman cross-sections (oR) as a function of excitation wavelength for
the 1,492 cm™! mode. The error bars are the standard deviation from three measure-
ments of the absolute cross-section of each mode at each excitation wavelength. Figure

prepared by Sophia Hayes and Galatia Pieridou, and reproduced from [208]
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Figure 6.16: Resonance Raman intensity analysis (RRIA) of dilute solutions of high-
and low-MW C3 polymer (C3-16 and C3-99) in 1,2-dichlorobenzene, assuming two elec-
tronic transitions. Top row: experimental (solid black line) and calculated (dashed red
line) absorption cross-sections oa. The dashed black and blue lines represent the ab-
sorption spectra for the two transitions that contribute to the overall absorption band.
Bottom row: corresponding experimental (points) and calculated (solid line) Raman
cross-sections (oR) as a function of excitation wavelength for the 1,492 cm~! mode. The
error bars are the standard deviation from three measurements of the absolute cross-
section of each mode at each excitation wavelength. Figure prepared by Sophia Hayes

and Galatia Pieridou, and reproduced from [208]
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Figure 6.17: Schematic showing the proposed effect of molecular weight on DPP
polymer conformation. The RRS data suggest that HMW polymer samples have a
higher proportion of linear chains than LMW polymer samples. Schematic drawn by

Jenny Nelson.

Both of these higher-energy contributions are expected to be stronger in curved
oligomers [45, 215].

The analysis indicates that both electronic transitions, and therefore both lin-
ear (more trans) and curved (more cis) conformers, exist in both LMW and HMW
samples in both CF and ODCB, but the fraction of linear conformers is relatively
greater in the HMW samples (schematic shown in Figure 6.17), giving rise to the
higher overall oscillator strength. The higher tendency of chains to adopt a lin-
ear conformation in the HMW case can be tentatively attributed to the increased
strength of chain-chain interactions (which will be maximised for linear chains)
over the chain-solvent interactions. This idea is consistent with the lower solubil-
ity of the longer chains. The hypothesis that chain-chain interactions are more
important for higher MW is consistent with the stronger effect of solvent on the
absorption spectrum for the LMW than the HMW polymer (Figure 5.19).

6.3.4 Case study: diketopyrrolopyrrole-based oligomers

In order to better understand length-dependent properties of conjugated polymers,
it can be useful to study series of oligomers [197, 198]. To this end, I studied
a DPP-based oligomer, whose length was systematically increased (Figure 6.18).
The polymer, DPP-TPT, has been shown to give good solar cell efficiencies [217]. T
measured the solution absorption of the oligomers dissolved in chlorobenzene. Fig-
ure 6.19 shows the absorption data normalised per m-electron. As expected, as the

oligomer length increases, the absorption onset red-shifts due to the greater conju-
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Figure 6.18: Chemical structures of DPP oligomers. DPP-1 is the monomer, DPP-3
is the trimer, DPP-5 is the pentamer and DPP-TPT is the polymer. Note that DPP-
1 is different from the monomer of the polymer, missing a benzene ring in order to
be symmetric, and similarly the oligomers only have linking benzene rings. Structures

drawn by Anastasia Leventis.

gation length possible for longer structures. However the trend of the magnitude

of absorption is unexpected and is not monotonic for the oligomers I measured.
Some authors have proposed the possibility of single chain folding in solution

[218], and work is ongoing to measure DPP-2, -4 and -6, as well as complementary

computational studies.
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Figure 6.19: Solution UV-Vis absorption spectra for DPP oligomers and two different
molecular weight batches of the DPP-TPT polymer. All materials were dissolved in
chlorobenzene. The data are normalised per mole m-electron, in order to be able to

compare between different size molecules.

6.4 Discussion

The results presented in this chapter illustrate how the spatial configuration of
conjugated polymers, as well as the component moieties, affect the optical absorp-
tion. Persistence length is a simple metric which can be calculated with relatively
little computational cost, and is therefore potentially very useful to the field with
regards to improving light harvesting. To this end, it is helpful to consider the
question of the limit to absorption for a conjugated polymer. According to the
Thomas-Reiche-Kuhn rule (eq. (2.30)), the sum of the oscillator strength of conju-
gated polymers should converge on the number of electrons available in the system.
Thus for the oscillator strength normalised per m-electron, the summed oscillator

strength should converge to unity.

Figure 6.20a shows the calculated integral of oscillator strength as a function
of photon energy for long oligomers (120 < N, < 165) of a range of chemical
structures. The first transition contributes the majority of oscillator strength
in the visible. In every case, the integrated f reaches a value much less than
unity in the visible, showing that most of the available oscillator strength for
the m-system must reside in higher-energy transitions outside the visible range.
The low excitation energy and relatively high oscillator strength of DPP-TT-T
agree well with the trend shown by the experimental results in Figure 6.20b. Also

shown in Figure 6.20b are plots of oscillator strength per atom for the conventional
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inorganic semiconductors: silicon, germanium and gallium arsenide. Because the
component atoms are, on average, tetravalent in these materials, the limiting
oscillator strength per atom due to the valence electrons is four. The convergence
of the data towards that limit shows that these inorganic materials achieve a much
higher fraction of their limiting extinction within the visible region than do the
organic semiconductors studied. This is possibly due to the greater crystallinity
and hence higher spatial density of electrons, as well as the greater density of states
due to the band structure. The low value of convergence for organic materials
indicates that there is certainly room for improvement in terms of designing higher-
absorbing conjugated polymers.

The DPP oligomers provide an extremely valuable test-case to understand in
more detail the effect of chain length on absorption. Different factors are likely to
dominate at different length scales, and the possibility of complementary calcula-
tions means that it should be possible to probe these factors in detail. Work is in
progress to make a molecular dynamics model, which would allow simulation of
the oligomer conformation, and subsequent assessment of the persistence length.
If this is done alongside quantum chemical calculations, we could directly probe
the effect of conformation on the magnitude of the oscillator strength. The prin-
cipal advantage of studying oligomers as opposed to polymers is that there is no

need to curtail the length of the chain to make the calculations manageable.



184 6.4. Discussion

(a)

<

2

AL J

o ¥ pppTTT ]
w [ <

o -

© o

b O T]

8 10%2F O e
@)

D

ok

> 10-3 1 9|__ 1 . 1 . 1

O 45 2.0 25 3.0 35

Energy E (eV)

(b)

[ 4 electrons/atom
100 oo

1 electron/atom

10" 3

B-PFO

—— P3HT
PCDTBT ]
PCPDTBT ]
Si-CPDTBT ]

——DPP-TT-T 1

——DPP3T

. —— IDTBT

T 2 3 4 5
Energy E (eV)

107 1

Summed oscillator strength

Figure 6.20: Calculated and experimental summed oscillator strength per m-system
electron. (a) Calculated summed oscillator strength per electron in the m-system at
increasing photon energies for oligomers in the all-trans conformation with 120 < N, <
165, using TDDFT and CAM-B3LYP/6-31g*. (b) Experimental summed oscillator
strength per m-system electron for a range of polymers. The corresponding data for key

inorganic photovoltaic materials (Si, Ge and GaAs) are shown for comparison.
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6.4.1 Design considerations

The analysis using the Hecht equation in Section 5.4, and especially Figure 5.25
showed that, with a simple model, there is some advantage to be had in harvesting
more light for solar cell applications, or for any application where it is beneficial to
absorb light strongly in a thin layer. Therefore with the findings of this chapter,
it is possible to derive some design considerations to target conjugated polymers
which absorb visible light more strongly. Firstly, in order to make use of polymer’s
one-dimensionality, the transition dipole of the first transition should be directed
along the polymer backbone, as in all polymers studied here [219]. Furthermore,
use of units such as DPP, with a low 7-7* excitation energy and high oscillator
strength can increase the overall oscillator strength of the polymer.

With the transition dipole directed along the polymer backbone, it is then
beneficial to target relatively long monomers with high co-linearity of successive
monomers. This results in the benefit shown in Figure 6.6, whereby the magnitude
of the polymer transition dipole moment can be thought of to a certain extent as
the sum of monomer transition dipole moments. Furthermore, it is advantageous
to design the torsional potential to be strong and to favour the alternating trans
monomer orientation, perhaps by the design of side-chains or side-groups to pro-
vide steric hindrance. By employing these design considerations, polymers can be
designed such that their absorption is less sensitive to conformation, thus allowing
their full potential to be realised.

In this vein, we propose that it can also be useful to exploit the competition
between polymer-polymer and polymer-solvent interactions to maximise chain ex-
tension or association in solution. We have not investigated this question explicitly,
merely finding that different solvents can result in different proportions of straight
and curved chain segments. Traditionally in polymer science a good solvent will
result in greater polymer chain extension than a bad solvent, and a study has
found that solvation of conjugated polymers is principally due to dispersive in-
teractions with the extended 7 system [209], thus implying that a solvent which
maximises dispersive interactions will be most likely to result in extended polymer
chains. Other studies have also found that the conformation of polymer chains
in solution affect the morphology of thin-films [59, 220], thus confirming that the
polymer solvation is an important factor to consider.

Another strategy might be to reduce the volume fraction taken up by solubil-
ising side chains, thus increasing the concentration of visible-light chromophores.
In practice, however, reducing the volume of side-chains may require non-solution

processing techniques. It has been shown that it can be possible to solid-state
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process conjugated polymers [221], which resulted in greater extinction coefficient
but due to concomitant increase in n, the material had a higher reflectivity. This
finding highlights a limiting factor when designing optical cavity devices: since
a greater extinction coefficient often results in greater variation of the refractive
index n, the design of the optical device, with regards to other layers in the device,

becomes very important.

6.5 Conclusion

The examples of DPP-TT-T, DPP3T and C8-IDTBT show that, by enhancing the
coupling of a conjugated polymer to light through extended persistence length, it
can be possible to pull more of the available oscillator strength into the visible
region. Our studies indicate several design considerations to maximise this effect:
namely, to target relatively long monomers with high co-linearity of successive
monomers; to design the torsional potential to be strong and to favour an alter-
nating (frans) monomer orientation; to achieve low transition energies by using
components with low 7-7* excitation energy and high oscillator strength, such
as the DPP unit; and to exploit the competition between polymer-polymer and
polymer-solvent interactions to maximise chain extension in solution. By employ-
ing these design considerations, our results indicate that polymers can be designed
such that their absorption is less sensitive to conformation, thus allowing their full
potential to be realised. Exploiting these aspects, along with usual considerations
such as charge transport, could open the way to significant improvements in device
performance, as shown here in the case of solar cells. The caveat to this is that
care must be taken in the design of the optical cavity to ensure that reflection is
minimised, much in the same manner as for inorganic solar cells.

Thus far, the conjecture that high-absorbing polymers have high persistence
lengths in solution has not been experimentally verified. The persistence length is
a difficult quantity to measure experimentally, but it can be possible either using
small angle neutron scattering [213] or via measurements of the intrinsic viscosity
[211, 222]. Work is underway to attempt to determine the persistence length of
some of the polymers studied in this chapter.

Meanwhile, initial studies of a series of DPP-based oligomers has provided some
very interesting results. Particularly of interest is the lack of monotonic rise in
absorption strength per m-electron with oligomer length; currently the most likely
cause is the conformation of the molecules in solution, and work is underway to

acquire more experimental data and calculations to further probe the system.
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Table 6.4: Molecular weights of C8-IDTBT and DPP3T polymer fractions studied.
M, and M, are the number- and weight-average molecular weights respectively, and

PDI is the polydispersity index.

Polymer M,, (kgmol™!) M,, (kgmol™1) PDI
C8-IDTBT-2 459 551 1.2
C8-IDTBT-3 242 460 1.9
C8-IDTBT-4 144 346 24
C8-IDTBT-7 52 151 2.9
C8-IDTBT-8 43 168 3.9

DPP3T 151 484 3.2

6.6 Experimental Details

The data shown in Figure 6.1 were collected from the literature and his own
measurements by Mariano Campoy-Quiles. The assorted references for each data

point are tabulated in Table 6.5.
DPP3T was purchased from Solarmer while C8-IDTBT was synthesised and

fractionated by Hugo Bronstein while a member of Tain McCulloch’s group at
Imperial College; the synthesis was done according to [183] and was previously
reported in [177]. The molecular weights for each material showed in this chapter
are displayed in Table 6.4. The solution UV-Vis and ellipsometry measurements
were performed exactly as described in Chapter 5; again I did the solution mea-
surements and made the films for ellipsometry while Mariano Campoy-Quiles did
the ellipsometry measurements. Figure 6.10 shows data for comparably thin films
(30-50 nm), and a weak dependence of the maximum « on molecular weight is ob-
served in the case of IDTBT. For each material Mariano analysed multiple films
with different thicknesses; DPP3T showed no dependence of the complex refrac-
tive index on film thickness, whereas a significant degree of variation was observed
in higher molecular weight IDTBT films (Figure 6.21).

In light of the thickness dependence of the IDTBT complex refractive index
and previous work showing anisotropy in a very similar material [178], Mariano
attempted to fit the ellipsometry data using an anisotropic model. The resulting
fits were not an improvement on the data fit using an isotropic model for the thin
films, and a possible moderate improvement was observed for the thick films which

does not affect the trend of the data shown in Figure 6.10.
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Figure 6.21: Thickness dependence of the VASE-derived complex refractive index
for C8-IDTBT thin films. (a) C8-IDTBT-HMW, (b) C8-IDTBT-MMW, and (c) C8-
IDTBT-LMW. In every case the thinnest film is represented by black lines, and the
thickest by red lines. For the case of C8-IDTBT-LMW, an intermediate thickness is

shown by a green line. Data collected and figure prepared by Mariano Campoy-Quiles.
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Table 6.5: Materials and maximum extinction coefficients from the literature, as shown

in Figure 6.1.

. L Wavelength of maximum Maximum extinction
Material abbreviation Reference

absorption Apax (nm) coefficient fpax
PFO [223] 370.6 0.826
F6 223] 370.6 0.824
DowRed F [223] 455 0.577
FSBT [223] 461.1 0.675
FSDP [223] 376.6 0.870
P3HT [173] 521.4 0.960
PFO-3 [173] 375.6 0.960
SC005 224] 370.6 0.935
SC006 [224] 373.6 0.802
SC007 [224] 382.7 0.988
SC008 [224] 364.6 1.022
SC010 224] 370.6 0.924
TFMO [208] 382.7 0.670
P3BT [208] 003.3 0.909
IsoindigoD16B [208] 615 0.85
APFO3 [225] 535 0.555
APFOGreen9 [226] 779 0.403
TQ1 227] 617.2 0.554
Si-PCPDTBT [87] 678.3 0.907
PCPDTBT [228] 683.9 0.937

Continued overleaf
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Table 6.5: (cont.) Materials and maximum extinction coefficients from the literature

Wavelength of maximum Maximum extinction

Material abbreviation Reference - ion A, (nm) oeffciont ..
PCDTBT 228] 549.5 0.945
MEHPPV 229] 490 0.7

P30T [230] 528 0.6
P30T 231] 528 0.25
NDA 232] 375 0.15
APFOG1 [233] 813 0.41
APFOG2 [233] 625 0.18
LPPP [234] 475 0.35
Pentacene [235] 670 0.45
Perfluoropentacene [235] 708 0.35
poly(arylenephenylene)s P1  [236] 420 0.45
poly(arylenephenylene)s P2 [236] 404 0.375
poly(arylenephenylene)s P3  [236] 456 0.35
poly(arylenephenylene)s P4 [236] 475 0.3
poly(arylenephenylene)s P5 [236] 460 0.6
FSBT 237] 460 0.6
OC1C10-PPV 237] 525 0.85
PFB [238] 390 0.45
TFB 23] 390 0.55
PTB7 [239] 620 0.744

The RR data was collected and analysed by Sophia Hayes and Galatia Pieri-
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dou on dilute solutions (~ 5.5 x 107> M - 6.5 x 107> M) of low- and high-MW
batches of DPP-TT-T C3 (C3-16 and C3-99 respectively), prepared in chloro-
form (HPLC, 99.9%, Aldrich) and 1,2-dichlorobenzene (HPLC, 99.9% Aldrich),
which were used as received. The exact concentration of each DPP-TT-T so-
lution was obtained from the ultraviolet-visible spectrum (Shimadzu), using the
pseudo molar extinction coefficient of DPP-TT-T at high MW (C3-99) in chlo-
roform at 823 nm (90 x 10® Imol~' em™') and in 1,2-dichlorobenzene at 811 nm
(85 x 10 Imol~' em™!). The pseudo molar extinction coefficient of low-MW DPP-
TT-T (C3-16) in chloroform was 70 x 10* Imol™'ecm™" at 807 nm and in 1,2-
dichlorobenzene was 65 x 103 Imol~!ecm™! at 796 nm.

The absolute resonance Raman (RR) intensities of DPP-TT-T for the two
molecular weights dissolved either in chloroform or 1,2-dichlorobenzene were mea-
sured with excitation at 636.8, 682.9 and 737.8 nm. The 682.9 and 636.8 nm
excitation wavelengths employed in the RR experiments were produced by Ra-
man shifting the second and third harmonics from a Q-switched Nd:YAG laser
(PRO-230, 30 Hz, Spectra Physics) at 532 and 355 nm, respectively, in an in-
house-built 1 m stainless-steel tube containing Hy gas at 1.5 bar. The 737.8 nm
excitation wavelength was produced by Raman shifting the fundamental from a
Q-switched Nd:YAG laser (Lab-190, 30 Hz, Spectra Physics) at 1,064 nm, in a 1 m
stainless-steel tube containing Hy gas at 40 bar (Light Age). The excitation light
was focused into a spinning cell consisting of an EPR, Suprasil tube (diameter: 4
mm) attached to a rheostat-controlled motor for choice of rotation speed. Use of
the spinning cell prolonged the lifetime of the samples. Modest excitation energies
(~ 15 nJ per pulse) were employed to avoid decomposition of the sample. The
Raman-scattered light was collected in a backscattering geometry and delivered to
a 0.75 m focal-length Czerny-Turner spectrograph, equipped with a 1,200-grooves
mm ! holographic grating. The slit width was set to 100 pm, providing a 2 cm™*
spectral resolution at the wavelengths used in this work. The scattered light was
detected by a thermoelectrically cooled 1340 x 400 pixel, back-illuminated deep
depletion CCD detector (PIXIS-XB:400 BR, Princeton Instruments). Each spec-
trum presented here is the accumulation of 12-24 10 minute spectra. Frequency
calibration of the spectra was accomplished using toluene. In the calculation of
the absolute RR cross-sections, the 1,002 cm~! mode of toluene (9.4 M) was used
as an external standard.

The DPP oligomers were dissolved in chlorobenzene and heated overnight to

ensure full dissolution. The UV-Vis spectra were taken as described previously.






Chapter 7

Understanding the
LUMO-LUMO offset required for

charge generation

7.1 Abstract

This chapter addresses one of the primary energy loss mechanisms in organic pho-
tovoltaics: the need for a type II heterojunction and the concomitant energy offsets
between the donor and the acceptor in bulk heterojunction blends. Reducing the
offset required is desirable for higher photovoltage, but must not then result in
a loss of photocurrent available. The work presented in this chapter examines
two sets of similar polymer:fullerene blend systems, in which the polymer LUMO
and that of PCBM are approximately aligned, leading to a zero LUMO-LUMO
offset. I use another acceptor, a ketolactam fullerene with frontier energy orbitals
approximately 200 meV deeper than those of PCBM, to probe the energy offset
required for efficient charge generation. With a combination of device data and
spectroscopy, I determine that polymer exciton splitting is indeed the limiting step
in the polymer:PCBM blends, and by replacing PCBM with the ketolactam, the

polymer excitons can contribute current to the external circuit.
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analysis of the BTT-DPP-based films, as well as the ketolactam and various other
interlayer materials. He also helped teach me how to do ellipsometry myself; I
am grateful to StableNextSol for funding a Short-Term Scientific Mission which
enabled me to travel to Barcelona to learn the technique in person. Dr Stoichko
Dimitrov helped with some initial transient absorption spectroscopy measurements
and invaluable discussions while a member of Prof James Durrant’s group at Im-
perial College; later on I was lucky enough to collaborate with Dr Artem Bakulin
and his student Tom Hopper (Imperial College, Chemistry), and Dr Tracey Clarke
(University College London, Chemistry) who did the pump-push photocurrent and
transient absorption spectroscopy measurements respectively. In addition, a sum-
mer student Anna Jungbluth, supervised by Dr Andrew Telford in my group,
was an invaluable help and carried out electrical measurements of INDT-S devices
shown here. And last but not least, Prof Thomas Kirchartz is responsible for the
initial idea of using ketolactam to probe the BTT-DPP system which was the
springboard for this project.

7.2 Introduction

The energy offset between the polymer and the acceptor frontier orbitals in bulk
heterojunction solar cells represents a significant loss in electrochemical potential
energy, which is however necessary for efficient charge separation (Section 2.5.2).
Therefore it is of considerable interest to reduce this loss, thereby increasing the
available voltage, while maintaining sufficient free charge generation. However
since the precise mechanism of charge separation is not well understood, it is
difficult to design systems which achieve this balance.

Focussing on polymer:fullerene solar cells, the majority of the free charges orig-
inate from polymer excitons, since conjugated polymers absorb light more strongly
in the visible than fullerenes, especially if the fullerene is a Cgy derivative. There-
fore the pertinent energy offset is that between the LUMOs of the two materials
in the blend. This LUMO-LUMO offset is the focus of this chapter. I should note
here that another pertinent energy level is the triplet level of the polymer, and
its position relative to the CT state [240]. Determination of these energy levels is
possible with calculations of the electronic structure; this chapter however focuses

on the experimental results and so I do not present any such calculations.
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Figure 7.1: Chemical structures of (a) BTT-DPP and (b) INDT-S. BTT-DPP was
made by Dr Bob Schroeder when he was a member of Prof Iain McCulloch’s group
at Imperial College, and INDT-S was made by Kealan Fallon, a member of Dr Hugo

Bronstein’s group at University College London.

Some time ago Stoichko Dimitrov (Chemistry department, Imperial College)
observed wavelength-dependent charge generation in a blend of BTT-DPP (see
Figure 7.1a for structure) and PC7BM [241], whereby the blend generated more
current from short wavelength light than long wavelength light, as determined by
the external quantum efficiency spectrum. Dimitrov et al. also measured the poly-
mer polaron yield as a function of excitation wavelength using transient absorption
spectroscopy (TAS). They found that both the polymer polaron yield after 0.2 ps
and the external quantum efficiency of the solar cell tracked the absorption spec-
trum of the fullerene (Figure 7.2). Therefore their hypothesis was that the current
generation was predominantly from the separation of fullerene excitons, enabled
by a sufficient HOMO-HOMO energy offset, whereas the polymer excitons were
unable to separate due to an insufficient LUMO-LUMO energy offset, which was
estimated to be 0 eV.

Another study investigated further this current generation energy dependence,
specifically in the spectral region dominated by polymer absorption [242]. For this
study, BTT-DPP was blended with PCBM, instead of PC7yBM, in order to reduce
the absorption spectral overlap of the two components. A new technique was used,
which is called pump-push spectroscopy, and involves exposing a device to a visible
light pump pulse, followed by, after a certain delay, an IR push pulse (Figure 7.3b).

The wavelength of the second pulse is chosen such that it is selectively absorbed
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Figure 7.2: Transient absorption excitation spectrum (TES, AOD) (red line, filled
squares), and external quantum efficiency (EQE) (black line) of BTT-DPP:PC7BM
(1:1 w/w) blends. The TES experiment was done on blend films, whereas the EQE
measurement was done on blend devices with an ITO/PEDOT:PSS/blend/Ca/Al ar-
chitecture. Also shown are the blend (green line, open circles) and PC7oBM (dashed blue
line) film absorbances. The TES data were collected using a 1150 nm probe, and the
signal was collected at a 0.2 ps time delay. This figure was reproduced with permission

from [241], copyright 2012 American Chemical Society.

by polymer hole polarons, as opposed to the neutral polymer. To the extent that
these hole polarons are bound at the interface, the additional push pulse activates
higher states within the bound state manifold, resulting in hot polarons which
may then be able to fully charge separate and result in current. The experiment
measures the relative increase in external current, 6.J/.J, which is proportional to
the ratio of bound charges to free charges.

Figure 7.3b shows that the BTT-DPP blend exhibits a significantly higher
ratio of bound charges upon excitation at 900 nm, as opposed to 680 nm. This
result therefore suggests that in this blend, the polymer exciton must have excess
energy if it is to fully dissociate into separated charges. Figure 7.4 shows the
proposed energy level diagram derived from this work. The pump-push result is
supported by the TAS data, which indicates that there are more free charges after
polymer excitation at shorter wavelengths than longer wavelengths (Figure 7.3a).
Photoluminescence was also measured which shows some PL quenching which is
independent of excitation wavelength, although the range of wavelengths tested
is much smaller than in the other experiments. This result means that excess
excitation energy does not affect the fraction of polymer excitons which reach
the fullerene interface to become bound CT states. From this experiment, it is
difficult to determine the precise nature of the bound states freed by the pump-

push experiment. They could be polymer-only intramolecular bound CT states,
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Figure 7.3: BTT-DPP blend spectroscopy data from previous studies. (a) Transient
absorption excitation spectrum (TES) (red line, open circles) and internal quantum effi-
ciency (black line) of BTT-DPP:PCBM (1:1 w/w) blend films and devices, respectively.
Inset: PL quenching of the same blends. The data were collected using a 1150 nm
probe, and the signal was collected at a 0.2 ps time delay. (b) Pump-push photocurrent
measurements of BTT-DPP:PCBM devices, for pump pulse wavelengths of 680 nm (red
circles), 800 nm (black triangles) and 900 nm (blue open circles). In each case, the
push pulse wavelength was 2200 nm. The lines are exponential fits convoluted with a
200 fs response function. The devices in (a,b) had an ITO/PEDOT:PSS/blend/LiF /Al

architecture. These figures were reproduced with permission from [242], copyright 2012

American Chemical Society.
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Figure 7.4: Proposed energy level diagram from a previous study. Shown are the
polymer singlet manifold (S), the charge transfer state manifold (CT) and the separated
charges. The blue line shows the case of low energy excitation of the polymer, while
the red line shows the case of high energy excitation. The proposed model is that the
energy of the singlet affects which energy levels in the CT state manifold are accessible,
and that only high energy CT states are able to efficiently generate separated charges.
The upwards arrow in the CT state manifold represents the push in the pump-push
experiment. This figure was reproduced with permission from [242], copyright 2012

American Chemical Society.

or exciton-CT hybrid states [110], or interfacial CT states. Put another way,
it is not clear from these experiments whether the excess energy requirement is
a consequence of the density of states of the polymer itself, irrespective of the

fullerene, or of the blend at the interfaces.

7.2.1 Research question

The previous studies proposed that in a BTT-DPP blend with PCBM or PC,oBM,
the polymer singlet must have excess energy if it is to result in separated charges.
It was proposed that the lack of LUMO level offset between the blend components
was the cause of this energy requirement, but since no other blends were available
this could not be tested. Therefore the purpose of my work was to test this hypoth-
esis that the LUMO-LUMO energy offset is to blame for the lack of efficient charge
generation from polymer excitons. To do this, I made solar cells and films using
a ketolactam (KL) (Figure 7.5) instead of PCBM. The frontier energy orbitals of
KL are both about 170 meV deeper than those of PCBM (see Table 7.1), but
the electronic structure is otherwise fairly similar, and so this molecule provides a
good opportunity to test the effect of deeper energy levels without changing the
absorption. Figure 7.6 shows a schematic of the proposed model, whereby deeper
energy orbitals for the case of KL result in a deeper CT state manifold, such that

the polymer singlet is degenerate with a more delocalised CT state than if the
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Figure 7.5: Chemical structure of ketolactam (KL), an acceptor with frontier energy

orbitals about 170 meV deeper than those of PCBM. KL was kindly provided by Solenne
BV.

Table 7.1: PCBM and KL cyclic voltammetry results. Both measurements were done
in the same set-up, using ferrocene as the reference at approximately +0.4 V vs NHE,
which in turn is approximately +4.44 V. The LUMO level is determined from these data
by taking IP = —(NHE + E\,(Fc/Fct) 4+ Eij(Fc/Fct)). Data provided by Dr Alex

Sieval at Solenne BV; experimental set-up is as described in [244].

Fullerene Eyj, vs. Fe/Fe+t IP (eV)

(V)
PCBM -1.08 -3.75
KL -0.91 -3.92

acceptor energy levels are higher in energy, when the polymer singlet might be
degenerate with the lowest, and more localised, CT state.

This study is similar in scope to a previous study [243], which also studied the
effect of changing the acceptor energy levels on overall charge generation. My work
however specifically examines the wavelength-dependence of charge generation,
comparing spectral regions where the polymer is excited versus regions where the
fullerene is predominantly excited. I also wanted to probe the nature of the states
generated at very short times after excitation, in order to identify which states are

involved in efficient charge generation.
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Figure 7.6: Schematic of the proposed effect of replacing PCBM by KL, with respect to
the energetics of the charge transfer state manifold. The longer lines at higher energies in
the CT state manifold represent states with greater delocalisation, which are more likely
to result in charge separation than the localised states at the bottom of the manifold.
Deeper acceptor energy levels will tend to result in a deeper CT state manifold, thus
the difference between the KL and PCBM cases.

7.2.2 Research approach: investigating another polymer
with possible excitation wavelength dependence of

charge generation

In order to generalise my findings, I also investigated another polymer which exhib-
ited a similar external quantum efficiency profile to BIT-DPP [245] (Figure 7.7).
This polymer is called indolo-naphthyridine-6,13-dione thiophene-co-selenophene
(INDT-S), and its structure is shown in Figure 7.1b; the polymer was made by
Kealan Fallon in Dr Hugo Bronstein’s group at University College London. The
HOMO and LUMO levels have been determined to be -4.99 eV and -3.77 eV re-
spectively, meaning that there is a +0.02 eV nominal LUMO-LUMO offset with
PCBM. I should note that there are significant sources of error in the determina-
tion of these frontier energies. Firstly, the cyclic voltammetry which was used to
determine the fullerene redox potentials was done in solution. Since care was taken
to perform the measurement using the same experimental set-up, the relative dif-
ference between the two materials should be approximately reliable. However since
in OPV devices, the fullerene is in the solid state, there may be some differences
from the solution case, which may be dependent on chemical structure. Cyclic
voltammetry was not used to determine the INDT-S HOMO and LUMO levels;
instead, ultraviolet photoelectron spectroscopy (UPS) was used to determine the
HOMO levels, and the LUMO was determined by adding the optical energy gap
to these values. The advantage of this method is that the material is in the solid

state for the UPS measurement, but there can be significant error in the LUMO
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Figure 7.7: External quantum efficiency data of INDT-S:PC7oBM blends, with 1:2
w/w (black line) and 1:3 w/w (red line) blend ratios. The device architecture was
ITO/blend/LiF/Al. This figure was reproduced with permission from [245], copyright
2016 American Chemical Society.

level since there are often discrepancies in how optical energy gap is determined,
and this value can differ from the electronic energy gap. A further consideration
when using either of these methods to investigate materials for OPV is that the
relevant quantities are the energy levels at the polymer:fullerene interface, as op-
posed to the values for the materials in isolation. For example, the formation of
interfacial dipoles, or the blend microstructure, can alter the electronic structure
of the materials at the interface, thus changing the effective HOMO and LUMO
levels [71]. Therefore the values mentioned above are useful for determining the

approximate energy level offsets, but should not be considered definitive.

The external quantum efficiency is not an adequate measurement of the en-
ergetic dependence of charge generation, since it is affected by the absorption of
the blend components as well as any interference effects. Therefore the internal
quantum efficiency (IQE), defined as the current generated per photon absorbed,
is the more pertinent metric; see Section 3.2.3 for further details. For each blend
presented in this chapter, I calculate the IQE to estimate the efficiency of charge
generation at each wavelength. This method has been used previously to probe
the relative efficiency of polymer and fullerene exciton separation [246].

However, IQE cannot distinguish between charge generation and collection
efficiency, whereas time-resolved spectroscopy allows us to observe charge states
soon after generation, without being reliant on charge collection. Therefore I

collaborated with Dr Artem Bakulin in the Chemistry department at Imperial
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College, who performed the pump-push experiment described above on INDT-S-
based devices. Furthermore I collaborated with Dr Tracey Clarke from University
College London, who performed TAS measurements on INDT-S-based films, in
order to probe the nature of the states involved at short times. In this chapter
therefore I will briefly present the spectroscopic measurements in addition to my
own measurements in order to shed light on the full picture.

I should note here that while I made devices of BT T-DPP blended with PCBM,
PC7BM and KL, in the device batch which I used for measuring IQE I was unable
to acquire EQE data of the PCBM devices. In order to estimate the reflectance
of the devices, I evaporated very large contacts on one half of the substrates in a
particular run, while the other half had the usual configuration of six 0.045 cm?
devices per substrate; for this I used a custom evaporation mask. Unfortunately
device runs prior to this one were unsuitable for measuring IQE because I did not
use this mask and therefore did not have any devices suitable for a reflectance
measurement. After this point I did not have sufficient polymer to re-do the
experiment, so the BT T-DPP data presented in this chapter is only the comparison
between PC;BM and KL, which is not ideal because the absorption of PC;BM
overlaps with that of BT'T-DPP. However in the INDT-S study, I only compared
PCBM with KL, thus simplifying the comparison.

7.3 Results

7.3.1 Ultraviolet-visible spectroscopy

The absorption spectra of all the individual components are very important for
this study especially because it is important to know which species are likely to be
present after excitation at different wavelengths. Figure 7.8 shows the ultraviolet-
visible absorption spectra of BT'T-DPP, PC7,BM and KL in solution and in films,
as well as the film absorption of BTT-DPP:acceptor (1:2 w/w) blends. It is clear
from these data that PC,oBM exhibits significant absorption in the visible result-
ing in a flatter blend absorption spectrum. The figure plots the optical density of
the films, normalised to enable comparison of the spectral shapes, without having
to assume the Beer-Lambert conditions necessary for calculating the solid state
absorption coefficient a.

Figure 7.9 shows the solid state absorption spectrum of INDT-S, with the
absorption spectra of PCBM and KL included as reference. It is evident from

these data that at long wavelengths, only INDT-S is absorbing, and at short
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Figure 7.8: Absorption spectra of BTT-DPP, ketolactam and PCyBM and associated
blends. Top panel: solution decadic molar extinction coefficients of BTT-DPP (green),
PC7BM (black) and KL (red) dissolved in 1,2-dichlorobenzene. The concentrations
of the BTT-DPP, PC7,BM and KL solutions were 0.005, 0.01 and 0.05 mgml~! re-
spectively. The molar extinction coefficient of BTT-DPP was calculated per mole of
monomer. Middle panel: normalised optical density of thin films of BTT-DPP (green),
PC7oBM (black) and KL (red) on spectrosil. Bottom panel: normalised optical density
of thin films of BTT-DPP:PC7BM (black) and BTT-DPP:KL (red), both 1:2 w/w.
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Figure 7.9: Normalised optical density spectra of INDT-S, ketolactam and PCBM thin
films on spectrosil. Top panel: normalised optical density of INDT-S (34 nm, magenta
line), PCBM (blue) and KL (red) films on spectrosil. Bottom panel: normalised optical
density of INDT-S:PCBM (84 nm, blue line) and INDT-S:KL (75 nm, red line), both
1:2 w/w.

wavelengths both blend components contribute. The absorption spectra of the
blends, also shown in Figure 7.9, subsequently exhibit two distinct spectral regions

corresponding to the polymer and the acceptor.

7.3.2 Ellipsometry

I collaborated with Dr Mariano Campoy-Quiles to obtain the complex refractive
index data of BTT-DPP, KL and the derived blends. Figure 7.10 shows the n and
k values of BTT-DPP and KL, as well as previously measured data for PC,gBM
for reference. Figure 7.10 also shows the complex refractive indices of the blends
based on BTT-DPP. It should be noted here that the BTT-DPP pristine polymer
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and especially the blend films were difficult to fit satisfactorily. Mariano used a
standard critical points model (see eq. (7.1) below) for the polymer but was unable
to satisfactorily fit all the films. The data shown in Figure 7.10 corresponds to an

adequate fit, although there is more uncertainty in these values than usual.

Nevertheless, Mariano used these data to model the blends using the Brugge-
man effective medium approximation (EMA) (see eq. (7.2) below), as well as a
unique SCP model (i.e. one which is not based on other sets of (n,x)). He found
that while the SCP models afforded better fits to the data, the resultant (n,x) val-
ues did not match the film transmission satisfactorily. Therefore the data shown
in Figure 7.10, which I subsequently used for the transfer matrix modelling, were
the EMA data. However I did repeat the TMM analysis using the different sets
of (n,x) data and did not find a significant effect. These uncertainties and diffi-
culties in fitting the VASE data flagged that the film may not be homogeneous.
Mariano therefore estimated the vertical fullerene concentration profile for both
KL- and PC;yBM-based blends, and found weak and strong vertical segregation
respectively (Figure 7.11). The primary purpose of acquiring the ellipsometry
data is to calculate the parasitic absorption, which is a small contributor to the
overall calculation of the IQE. Therefore I proceeded with the spectra shown in
Figure 7.10, which do not account for vertical segregation, but tested for any effect
of changes in the refractive index on the end result by repeating the calculations

using different refractive index data. This will be discussed further in Section 7.3.5.

I was able to measure and analyse INDT-S films myself to acquire the complex
refractive index data set. I fit pristine INDT-S films using the standard critical
points model with four peaks, eq. (3.35) and reproduced here:

e(B)=UV = Ajexp(i¢;)(Eep; — E +il;) ™" (7.1)
j=1

For each material I deposited films on five substrates: three on spectrosil quartz
and two on silicon, aiming for a range of film thicknesses. To determine the
INDT-S n and k I focussed on the spectrosil films since the films were more
homogeneous, and the derived refractive index data are shown in Figure 7.12; the
analysis of each INDT-S film results in a distinct complex refractive index. For
each sample, I measured the film thickness using a profilometer, and I used this
thickness as the starting point of the fit. The fit for sample 1 was well-behaved and
the particular refractive index I used for the blends; the fit thickness was very close
to the measured thickness. The fits for samples 2 and 3 were less well-behaved,

especially sample 3 which gave a fit thickness approximately 20 nm less than the
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Figure 7.10: Real (n) and imaginary (k) parts of the complex refractive index spectra

of BTT-DPP polymer and blend films, as measured using VASE. Top panel: n and &
of BTT-DPP (green), PC7BM (black) and KL (red). Bottom panel: n and s of BTT-
DPP:PCBM (black) and BTT-DPP:KL (red) blends, both 1:2 w/w. The ellipsometry

data was collected and analysed by Dr Mariano Campoy-Quiles.
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Figure 7.11: Vertical fullerene concentration profile of BTT-DPP:PC7BM (black)
and BTT-DPP:KL (red) blends, both 1:2 w/w and the same films used to derive the
complex refractive index data shown in Figure 7.10. The substrate/film interface is set

at zero depth, while the film/air interface is at the film’s thickness d.

measured thickness resulting in a refractive index with greater magnitude than the
others; therefore for this sample I constrained the film thickness to the measured
value and obtained a decent fit. Table 7.2 tabulates the fit values for each sample,
while Figure 7.13 shows the fits to the data.

Furthermore I cross-checked the VASE-derived complex refractive index with
the extinction coefficient calculated from ultraviolet-visible absorption spectroscopy
(data shown in Figure 7.9), using the relations k = aA/4m and T' = exp(—ad),
where k is the extinction coefficient, « is the absorption coefficient, A is the wave-
length, 7" is the transmittance, and d is the film thickness. The resulting com-
parison is shown in Figure 7.14, and the close agreement of the peak positions,
especially at low energies, validates the ellipsometry fit. Variance in the peak
heights is expected since the calculation of « involves a measured value of the
film thickness, which may well have some error, and also assumes no scattering or
interference and a Beer-Lambert exponential decay of intensity through the film.
This latter point especially affects the accuracy of the higher energy part of the

spectrum, since interference fringes have a stronger effect on the spectral shape.

I followed a similar fitting approach for the blend films, analysing the data of
each sample of each blend, but instead of the SCP model I used the Bruggeman

effective medium approximation, which is defined by (see Section 3.4.2):

T Rl Lo (72)
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Figure 7.12: Real (n) and imaginary (k) parts of the complex refractive index spectra
of INDT-S polymer and blend films, as measured using VASE. Top panel: n and & of
INDT-S (magenta), PCBM (blue) and KL (red), reproduced for ease of comparison.
The solid line corresponds to sample 1, and is the refractive index used for the blends.
Sample 2 with fit thickness is the dashed line, sample 2 with the thickness fixed to the
profilometer value is the dash-dot line, and sample 3 with the thickness fixed to the
profilometer value is the dotted line. Bottom panel: n and k of INDT-S:PCBM (blue)
and INDT-S:KL (red) blends, both 1:2 w/w. For both blends, the solid line corresponds
to sample 1 of that blend, while the dashed line corresponds to sample 2 and the dotted
line corresponds to sample 3. (Note that the KL blend data are all overlapping.)



7.3. Results 209

Ellipsometric angles AW

0.0 A 1 A 1 A 1

Energy E (eV)

Figure 7.13: Experimental and fit ellipsometric angles cos A (top panel) and tan ¥
(bottom panel) of an INDT-S polymer thin film (sample 1) measured for a range of
incident angles. In both panels, the black line is for an incidence angle of 55°, red is 60°,
green is 65° and blue is 70°. The measured data is shown by solid lines, while the fits

are dashed lines.
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Table 7.2: Parameters used in eq. (7.1) to model INDT-S, corresponding to the refrac-

tive indices shown in Figure 7.12. Sample 1 was the data set used to generate the blend

(n, k) data. Where there is no fit thickness indicated, the thickness was not allowed as

a free parameter. Each row corresponds to one of the composite critical points required

for the overall model.

Fit (measured) uv A E., ol )
thickness (nm)
Sample 1 43 (44) 1.2654 0.9114 1.2987 0.2094 -1.7421
0.2296 3.3112 0.4630 1.5425
2.9606 2.2732 1.1472 -3.1591
4.2456 0.2828 0.4986 -1.4876
Sample 2 41 (53) 0.8579 0.9114 1.2987 0.2094 -1.7421
0.2296 3.3112 0.4630 1.5425
2.9606 2.2732 1.1472 -3.1591
4.2456 0.2828 0.4986 -1.4876
Sample 2 (53) 1.2272 1.1391 1.3134 0.2279 -1,9156
0.1976 3.3499 0.4557 1.4393
5.0904 2.0067 1.3112 -3.3646
6.1980 0.4705 0.7852 -1.1875
Sample 3 (34) 0.2784 0.7983 1.333 0.2058 -1.4168
0.4189 3.1387 0.5177 0.6010
3.8527 2.7702 1.4668 -2.6943
4.6680 -0.09 -0.2768 -2.2638
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Figure 7.14: Comparison of extinction coefficients derived from ellipsometry and
ultraviolet-visible spectroscopy. The magenta line is the data shown in Figure 7.12,
derived from variable angle spectroscopic ellipsometry (VASE), while the dark purple
line is the data calculated from ultraviolet-visible spectroscopy (UV-Vis) of the same
substrate using the relations k = /47 and T = exp(—ad), where & is the extinction
coefficient, « is the absorption coefficient, A is the wavelength, T' is the transmittance,
and d is the film thickness.

The inputs for this determination of the refractive index are the refractive indices
of each of the blend components. I used the KL. and PCBM refractive indices pre-
viously calculated by Dr Campoy-Quiles, and the INDT-S data shown above. The
fitting parameters were both the film thickness and the fullerene concentration;
the starting thickness for the fit was measured using a Dektak profilometer. The
resulting fit parameters are tabulated in Table 7.3, the corresponding complex
refractive indices are shown in the bottom panel of Figure 7.12, and the fits are
shown in Figure 7.15.

In addition to the blend refractive index data, in order to model the light
propagation through a full device, the refractive indices of each interlayer is also
required. The interlayers used in this study were ITO, polyethylenimine (PEIE),
Zn0O, MoO3 and Ag. Dr Campoy-Quiles had previously measured the refractive
index data of all these materials apart from PEIE, which he measured for this

study. The refractive index data of all the interlayers are shown in Figure 7.16.
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Figure 7.15: Experimental and fit ellipsometric angles cos A (top panels) and tan ¥
(bottom panels) of an INDT-S:PCBM (1:2 w/w) blend thin film (left column) and an
INDT-S:KL (1:2, w/w) blend thin film (right column). The films were measured over a
range of incident angles: black is for an incidence angle of 55°, red is 60°, green is 65°
and blue is 70°. The measured data is shown by solid lines, while the fits are dashed

lines.
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Figure 7.16: Real (n) and imaginary (k) parts of the complex refractive index spectra
of the device interlayers and glass. Clockwise starting from the top left: glass (blue),
indium tin oxide (purple), silver (grey), molybdenum oxide (green), polyethylenimine
(pink) and zinc oxide (dark yellow). All data were produced by Dr Mariano Campoy-
Quiles.
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Table 7.3: Parameters used to model INDT-S blend film ellipsometry data. The
measured thicknesses were determined using profilometry, and was the starting point of
the fit. The blend was modelled using the Bruggeman effective medium approximation,
with the only fitting parameters being the film thickness and the blend composition,
parameterised by the fullerene concentration. Both films were nominally 1:2 (w/w)

polymer:acceptor blends.

Measured Fit thickness Fit fullerene

thickness (nm) (nm) concentration
INDT-S:PCBM sample 1 84 75 0.586
INDT-S:PCBM sample 2 124 129 0.624
INDT-S:PCBM sample 3 187 179 0.718
INDT-S:KL sample 1 75 73 0.623
INDT-S:KL sample 2 159 144 0.624
INDT-S:KL sample 3 134 133 0.621

7.3.3 Current-voltage and external quantum efficiency

For both the BTT-DPP and INDT-S studies, I made inverted devices although
the cathode interlayer differed: for the BTT-DPP study I used PEIE (10 nm),
while for the INDT-S study I used ZnO (30 nm). The difference in interlayer was
due to previously optimised device structures. The full architecture was there-
fore glass/ITO/PEIE or ZnO /polymer:acceptor blend (1:2 w/w)/MoO3/Ag. Fig-
ure 7.17 shows current density-voltage and external quantum efficiency data of the
BTT-DPP devices. Unfortunately I was unable to match the device efficiencies
previously published, likely due to differences in morphology due to a different
polymer batch. The vertical segregation suggested by the ellipsometry data would
also inhibit device performance since there appeared to be fullerene-depleted re-
gions at both electrodes. Nevertheless the device performance parameters are dis-
played in Table 7.4 along with the device thicknesses. The shape of the PC7;,BM
blend EQE closely matches the previously published data.

Meanwhile Figure 7.18 shows the current density-voltage and external quan-
tum efficiency data of the INDT-S devices. I received help from a summer student,
Anna Jungbluth, supervised by Dr Andrew Telford from my group, in measuring
the devices for the INDT-S study; I made the devices while Anna and Andrew
conducted the electrical measurements. The solar cell performances of these de-

vices matches the previously published data well; while higher efficiencies of 3.1 %
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Figure 7.17: Current density-voltage (left panel) and external quantum efficiency

(right panel) graphs of devices based on BTT-DPP. In both panels, BTT-DPP:PC7 BM

is the black line and BTT-DPP:KL is the red line. Both blends are 1:2 w/w, and the

device architecture for both devices is ITO/PEIE (10 nm)/BTT-DPP:acceptor/MoOs3

(10 nm)/Ag (100 nm). The current density-voltage data was taken under simulated one
sun, AM1.5 conditions.

Table 7.4: J-V parameters of BTT-DPP devices. Jg. is the short-circuit current, Vo,

is the open-circuit voltage, FF is the fill factor, PCE is the power conversion efficiency .

Blend Thickness Jse Voe (V) FF PCE (%)
(nm) (mA cm—2)
BTT-DPP:PC; BM 94 2.24 0.475 0.31 0.33

BTT-DPP:KL 105 1.99 0.538 0.47 0.50
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Figure 7.18: Current density-voltage (left panel) and external quantum efficiency
(right panel) graphs of devices based on INDT-S. In both panels, INDT-S:PCBM is
the blue line and INDT-S:KL is the red line. Both blends are 1:2 w/w, and the device
architecture for both devices is ITO/ZnO (30 nm)/INDT-S:acceptor/MoOgz (10 nm)/Ag
(100 nm). The current density-voltage data was taken under simulated one sun, AM1.5

conditions. These data were collected by Anna Jungbluth supervised by Dr Andrew
Telford.

Table 7.5: J-V parameters of INDT-S devices. Jg is the short-circuit current, V. is

the open-circuit voltage, FF is the fill factor, PCE is the power conversion efficiency .

Blend Thickness Jse Voe (V) FF PCE (%)
(nm) (mA cm—2)

INDT-S:PCBM 77 3.12 0.582 0.55 1.00

INDT-S:KL 57 6.02 0.450 0.47 1.28

have been published [245], those blends used PC7BM and so should be expected

to have higher currents and therefore efficiencies.

7.3.4 Reflectivity

As discussed already, it is important to measure the reflectivity of a device stack
as part of the IQE calculation. The data shown in this section are the reflection
data of large area devices made at the same time and using the same processing
conditions as the devices used to measure the EQE and J-V. Figure 7.19 shows
the reflectance of BTT-DPP-based and INDT-S-based devices; for the case of
INDT-S-based devices, I measured multiple substrates to check the consistency
of the measurement. For the BTT-DPP-based devices unfortunately this was not

possible and so I measured the reflectance at different points on the same device.
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Figure 7.19: Reflectance spectra of full device stacks based on BTT-DPP (left panel)
and INDT-S (right panel). Both sets of data complement the device data shown in
Figures 7.17 and 7.18, in that these devices were made at the same time and with
the same parameters apart from a larger evaporated electrode, enabling the reflectance
measurement. The BTT-DPP devices have the architecture ITO/PEIE (10nm)/BTT-
DPP:acceptor (1:2, w/w)/MoOs/Ag, and the INDT-S devices have the architecture
ITO/ZnO (30 nm)/INDT-S:acceptor (1:2, w/w)/MoO3s/Ag. In both panels, the blend
with KL is shown by red lines, in the left panel the BTT-DPP:PC7gBM device are
the black lines, and in the right panel the INDT-S:PCBM device are the blue lines.
The different lines indicate the reflectance of different substrates and/or in different

orientations (achieved by rotating and moving the substrate in the holder) to determine

the variation.
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7.3.5 Internal quantum efficiency

Using the data shown in Section 7.3.2, I used the transfer matrix method (TMM)
to calculate the propagation of light through the BTT-DPP and INDT-S device
stacks. 1 was therefore able to extract the degree of absorption from layers in
the device stack other than the current generating active layer; this absorption
is termed the parasitic absorption and is plotted in Figure 7.20. TMM assumes
perfectly flat interlayers, homogeneous media and an accurate measurement of
layer thicknesses. None of these assumptions can be applied to the case of organic
solar cells and so it would be ill-advised to use TMM to directly calculate the active
layer absorption. Since the parasitic absorption is less significant, however, the
error invoked in using this method as part of the calculation of IQE is insignificant
if there is a large difference between the two blends being studied. To check the
effect of using different (n, k) values on the parasitic absorption spectra, I did the
calculation using different sets of values.

I calculated the IQE of each blend using the data presented in Sections 7.3.2
to 7.3.4, using the relation IQE = EQE/(1 — parasitic absorption — reflection);
the resulting spectra are displayed in Figure 7.21. From Figures 7.19 and 7.20,
the variation in the reflectance data is more significant than that of the parasitic
absorption. Therefore the IQE data presented in Figure 7.21 are calculated using
the various reflection data sets presented in Figure 7.19. The increased variation
of the INDT-S IQE data is due to the availability of multiple devices for the
reflectance measurement, whereas only one device was available for each BTT-
DPP blend which was measured in two orientations.

The data show a clear difference in free charge generation efficiency for absorp-
tion by the polymer: both polymer:KL blends have a higher IQE in this region
than the PCBM blends. For the case of the BTT-DPP blend, this effect is slightly
masked since it appears that overall the charge extraction efficiency of the PC;BM
blend is greater, as evidenced by the significantly higher IQE in the fullerene ab-
sorbing region. For the case of the INDT-S blends though, the improved charge
generation from polymer excitons is clear, while at higher energies, in the region
dominated by fullerene absorption, the IQE spectra are inconclusive. Interference
and small differences in the layer thicknesses mean that the high energy part of
the IQE spectrum is less reliable and more likely to be greatly affected by small

errors in the component measurements.
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Figure 7.20: Calculated parasitic absorption spectra of BTT-DPP (left panel) and
INDT-S (right panel) device stacks. The parasitic absorption is defined as the summed
absorption of all the layers in the device apart from the current-generating active layer.
The data were calculated using the transfer matrix formalism using the complex re-
fractive index data shown previously. The BTT-DPP devices have the architecture
ITO/PEIE (10nm)/BTT-DPP:acceptor (1:2, w/w)/MoOs/Ag, and the INDT-S devices
have the architecture ITO/ZnO (30 nm)/INDT-S:acceptor (1:2, w/w)/MoO3/Ag. The
blend thicknesses are as tabulated in Tables 7.4 and 7.5. In both panels, the blend with
KL is shown by red lines, in the left panel the BTT-DPP:PCryBM device is the black
lines, and in the right panel the INDT-S:PCBM device is the blue lines. The different
lines correspond to the use of different blend (n,x) data sets, which result from the

variation in experimentally determined (n,x) data sets as reported in Section 7.3.2.
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Figure 7.21: Calculated internal quantum efficiency of BTT-DPP (left panel)
and INDT-S (right panel) devices, using the data shown in Figures 7.17 to 7.20.
The BTT-DPP devices have the architecture ITO/PEIE (10nm)/BTT-DPP:acceptor
(1:2, w/w)/MoO3/Ag, and the INDT-S devices have the architecture ITO/ZnO (30
nm)/INDT-S:acceptor (1:2, w/w)/MoO3/Ag. The blend thicknesses are as tabulated
in Tables 7.4 and 7.5. In both panels, the blend with KL is shown by red lines, in
the left panel the BTT-DPP:PC7gBM device is the black lines, and in the right panel
the INDT-S:PCBM device is the blue lines. The different data sets correspond to the

IQE calculated using different reflection spectra; the line style is consistent between this

figure and Figure 7.19.
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7.3.6 Electroluminescence and voltage losses

In this section I present the determination of voltage losses of BTT-DPP and
INDT-S devices. Unfortunately for the case of the BTT-DPP devices, I was unable
to measure the high-resolution EQE data on the same batch of devices for which
I calculated the IQE, and so the data presented in this section corresponds to a
different batch of devices, whose J-V and EQE data are shown in Figure 7.22.
This batch had a conventional architecture of ITO/PEDOT:PSS (15 nm)/BTT-
DPP:acceptor (1:2 w/w)/Ca (15 nm)/Al (110 nm).

I measured electroluminescence of devices on the same substrate as those shown
in Figure 7.22 for a range of injection currents; the data are shown in Figures 7.23
and 7.24. The BTT-DPP:PCBM and BTT-DPP:PC;;BM devices are much more
emissive than the BTT-DPP:KL device. 1 was also able to measure the electro-
luminescence of the pristine BT T-DPP polymer. Examination of the normalised
spectra do not show a clear charge transfer state at an energy distinct from the
polymer exciton, with the emission of the blends and the polymer all in a similar
region. Differences in the total flux make comparing the spectral shapes difficult,
but it appears that the KL blend emission especially, and to a smaller extent the
PCBM and PC;BM blends, is weighted towards lower energies. The redshift of
the KL peak may be expected due to the deeper acceptor LUMO and therefore
more stabilised states. However it appears that there is also significant polymer
contribution in each of the blend spectra.

Upon conversion of the EL spectra to quantum efficiencies, I was able to cal-
culate the radiative open-circuit voltage V,¢raq and hence the non-radiative open-
circuit voltage loss AV, ,; these values plotted as a function of EL injection cur-
rent are displayed in Figure 7.25. The KL blend V. aq is lower than the PCBM
and PC7BM blends, as suggested by the lower energy EL peak. AV, of the
PCBM and PC7;,BM blends are nearly identical, while the lower V. of the KL
blend results in significantly higher AV, ., values.

For the case of the INDT-S devices, the data presented in this section were
collected from the same devices presented earlier. Again the INDT-S devices were
made by myself but measured by Anna Jungbluth, supervised by Dr Andrew
Telford.

Figure 7.26 shows the electroluminescence of INDT-S-based devices; as is evi-
dent from the figure, the PCBM device has a much higher radiative efficiency, and
so to enable comparison of the spectral shapes I have plotted the data correspond-
ing to different injection currents; the flux should be approximately proportional to

the injection current, especially at lower currents. The peak position is relatively
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Figure 7.22: Current density-voltage (left panel) and external quantum efficiency
(right panel) graphs of devices based on BTT-DPP. In both panels, BTT-DPP:PCBM
is the blue line, BTT-DPP:PC7yBM is the black line and BTT-DPP:KL is the red line.
Both blends are 1:2 w/w, and the device architecture for all devices is ITO/PEDOT:PSS
(15 nm)/BTT-DPP:acceptor/Ca (15 nm)/Al (110 nm). The current density-voltage
data was taken under simulated one sun, AM1.5 conditions. The J-V and EQE data

correspond from the same substrates but are not necessarily the same devices.
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Figure 7.23: Electroluminescence of BTT-DPP (green lines), BIT-DPP:PCBM (blue
lines), BTT-DPP:PC7BM (black lines) and BTT-DPP:KL (red lines) devices. The
blends are all polymer:acceptor 1:2 w/w, and the device architecture for all the devices
is ITO/PEDOT:PSS (15 nm)/BTT-DPP:acceptor/Ca (15 nm)/Al (110 nm). The left
panel shows measured flux while the right panel shows the normalised flux. All data

were taken at an injection current of 16 mA (356 mA cm™2).
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Figure 7.24: Electroluminescence as a function of injection current of BTT-
DPP:PCBM (top left), BTT-DPP:PC7BM (top right), BTT-DPP:KL (bottom left)
and BTT-DPP (bottom right) devices. The blends are all polymer:acceptor 1:2 w/w,
and the device architecture for all the devices is ITO/PEIE (10 nm)/active layer/MoOs
(10 nm)/Ag (100 nm). The spectra corresponding to a range of injection currents
are shown: 44 mAcm~2 (green), 89 mAcm~2 (black), 178 mA cm~2 (magenta), 356
mA cm~2 (red), 711 mA cm~2 (blue) and 1422 mA cm~? (cyan).
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Figure 7.25: Radiative open-circuit voltage Vocraa (top panel) and non-radiative
voltage loss AVieny of BIT-DPP:PCBM (blue triangles), BTT-DPP:PC7BM (black
squares) and BTT-DPP:KL (red circles) devices. The blends are all polymer:acceptor
1:2 w/w, and the device architecture for all the devices is ITO/PEIE (10 nm)/active
layer/MoOs3 (10 nm)/Ag (100 nm).
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Figure 7.26: Electroluminescence of INDT-S:PCBM (blue) and INDT-S:KL (red) de-
vices. Left panel: measured electroluminescence flux of INDT-S devices with an architec-

ture ITO/ZnO (30 nm)/INDT-S:acceptor (1:2, w/w)/MoOs/Ag. The INDT-S:PCBM
data was taken at an injection current of 1 mA (22 mA cm~2), while the INDT-S:KL

data was taken at an injection current of 15 mA (333 mA cm™2).

independent of the magnitude of the injection current, as shown in Figure 7.27.
Furthermore the spectra of the two blends are very similar, indicating that the
electroluminescence is likely coming from the polymer species. Unfortunately pure
polymer electroluminescence was not possible to acquire because the devices were
too resistive.

We used these electroluminescence data to obtain high-range external quantum
efficiency spectra, shown in Figure 7.28. This then enabled calculation of the
radiative open-circuit voltage Vi aq and hence non-radiative voltage losses AVq .
These values are plotted as a function of injection current in Figure 7.29. The
similarity in Vi.raqa between the two blends arises from the similarity in the EL
and low energy EQE, and is likely reflecting the polymer as the radiative species.
Therefore the lower V;. of the KL blend results in higher AV, values.



226 7.3. Results

8 10} INDT-S:PCBM 1 INDT-S:KL ]

5

(&)

n

[}

£

§ «

5 <

i‘g § 05 -

L

©

[}

2

‘©

g

<ZD 00 a a a _ 1 a 1 a 1 a 1
0.8 1.0 1.2 1408 1.0 1.2 1.4

Energy E (eV)

Figure 7.27: Normalised electroluminescence of INDT-S:PCBM (left panel, blue) and
INDT-S:KL (right panel, red) devices. Spectra are shown for a range of injection currents
Jinj; for both blends the darker colours correspond to higher injection currents. For
INDT-S:PCBM, 1 mA (22 mA cm™?) < Jip; <40 mA (889 mA cm™?), while for INDT-
S:KL, 15 mA (333 mA cm™?) < Jip; <140 mA (3111 mA cm™2). Both devices have the
architecture ITO/ZnO (30 nm)/INDT-S:acceptor (1:2, w/w)/MoO3/Ag.
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Figure 7.28: High-range external quantum efficiency spectra of INDT-S:PCBM (blue
line) and INDT-S:KL (red line) devices. In both cases, the directly measured EQE data
is shown by a darker line, while the EQE derived from the EL spectra are shown in
lighter lines. Both devices have the architecture ITO/ZnO (30 nm)/INDT-S:acceptor
(1:2, w/w)/MoO3/Ag.
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Figure 7.29: Radiative open-circuit voltage Vo raqa (top panel) and non-radiative volt-
age loss AVyenr of INDT-S:PCBM (blue squares) and INDT-S:KL (red circles) de-
vices. Both devices have the architecture ITO/ZnO (30 nm)/INDT-S:acceptor (1:2,
w/w)/MoOs/Ag.
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7.3.7 Summary of device data and motivation for further

measurements

The data presented thus far indicate that for both BTT-DPP and INDT-S devices,
blends with KL result in more photocurrent generation from the polymer than
blends with PCBM. Furthermore, the electroluminescence spectra do not appear
to have a strong contribution from charge transfer states at an energy distinct from
the polymer exciton, especially for the BT T-DPP:PCg/70BM, INDT-S:PCBM and
INDT-S:KL blends; the BTT-DPP:KL appears to have some contribution from a
CT state. However without time-resolved measurements which can help to identify
the particular species involved, from these data alone it is impossible to determine

which species contribute to the charge generation in the KL blends.

One helpful time-resolved measurement is the pump-push experiment intro-
duced previously. This experiment involves exciting the blend at a particular
wavelength (the pump), which can be varied, and then after a certain time delay
exposing the device to a second push pulse at 2000 nm, and measuring the in-
crease in current as a result. The time scales accessible in this measurement are
sub-ps, thus the number of bound states, which can be pushed to separate into
free charges, formed very soon after excitation can be measured. In other words,
it is possible to probe whether the difference in IQE is a result of differences in the
nature of initial photoexcited states, or to do with later charge collection, since

the timescale of charge trapping is measured.

A further time-resolved measurement is transient absorption spectroscopy,
which again can access sub-ps timescales, and use different excitation wavelengths.
Furthermore, the spectrum of the transient absorption at different time-scales can
be measured, which along with the dynamics helps to identify the particular species
present. Therefore this experiment is a very helpful complement to pump-push

photocurrent.

These experiments together could help ascertain the cause for the difference
in IQE spectra between the blends. I was particularly interested in probing the
difference in charge generation resulting from either polymer excitons or fullerene
excitons. In an ideal world, spectral regions would exist where only the polymer
or only the fullerene absorbed. Unfortunately that is not quite the case: while the
polymer is the only absorbing species at long wavelengths, at short wavelengths,
the fullerene absorption dominates but there is an additional significant contribu-
tion from the polymer. I should note here that the measurements below were only
performed on INDT-S blends, because there was insufficient BTT-DPP material
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Table 7.6: Ratio of polymer absorption at pump wavelengths in the pump-push pho-
tocurrent experiment. The component extinctions were taken from the VASE-derived
extinction coefficients displayed in Figure 7.12. The polymer contribution to absorption
is therefore calculated as the INDT-S extinction divided by the total of the two blend

components extinction coefficients.

Blend Wavelength INDT-S Acceptor Polymer
(nm) extinction extinction fraction

INDT-S:PCBM 400 0.143 0.300 0.32
450 0.082 0.154 0.35
709 0.710 0.007 0.99
800 0.80 0.01 0.99

INDT-S:KL 400 0.143 0.25 0.36
450 0.082 0.181 0.31
709 0.710 0.017 0.98
800 0.80 0.01 0.99

to do further measurements beyond the ones already described. In order to ap-
proximate the proportion of each species absorbing at 800 nm and 400 nm, I used

extinction coefficient values from the ellipsometry analysis (Table 7.6).

7.3.8 Pump-push photocurrent

Pump-push photocurrent is able to selectively measure the number of bound states
which can result in free charges as a function of time, without being affected by the
efficiency of charge extraction. This is demonstrated by considering the plotted

quantity 6.J/J, the relative increase in current as a result of the second push pulse:

6J(t) Nbound (t) Pactivation'r]extract
XX
J N freeTJextract

(7.3)
N bound P, activation
Nfree

where 0.J is the change in current as a result of the pulse, J is the device cur-
rent, Nyound(free) 18 the number of bound (free) charges, Pactivation 1S the probability
of bound charges being activated into free charges and 7eyiract 1S the efficiency

of charge extraction from the device. I collaborated with Dr Artem Bakulin in
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the Chemistry department of Imperial College, who performed pump-push pho-
tocurrent on the INDT-S:PCBM and INDT-S:KL devices presented earlier in this
section. As mentioned in the motivation section above, the purpose of this ex-
periment was to determine the time scale of charge trapping, and to investigate
whether the number of bound charges was affected by whether the polymer or the
fullerene was photoexcited.

The two pump wavelengths available were 400 nm and 800 nm. 800 nm is
selectively absorbed by the polymer, thus pumping at this wavelength probes the
number of bound charges after polymer excitation, or the efficacy of charge gener-
ation as a result of electron transfer. 400 nm is mostly absorbed by the fullerene,
although I estimate that the polymer absorbs about a third of the photons (see
Table 7.6). Therefore pumping at this wavelength probes a mixture of electron
and hole transfer, with the dominant contribution being hole transfer from the
acceptor.

Figure 7.30 shows the pump-push photocurrent data of the two blends pumped
at the two wavelengths. The data show that, regardless of the pump wavelength,
the INDT-S:PCBM blend has more bound charges which are activated by the in-
frared pulse. For the case of the 800 nm pump, the peak ratio of bound charges for
the PCBM blend is ten times greater than that of the KL blend, while for the case
of the 400 nm pump, the PCBM blend has five times more bound charges. Fur-
thermore, the magnitude of the signal at the 400 nm pump is less for both blends
than the signal at the 800 nm pump. These data are therefore consistent with the
hypothesis that polymer excitons in the PCBM blend do not have sufficient driving
force to charge separate, but this process is enabled in the KLi blend. The signal at
the 400 nm pump is likely a mix of electron and hole transfer, meaning that there
is still a difference between the blends. Furthermore, the fast timescale of the
formation of bound charges, exhibited by the large §.J/J signal at 1 ps, indicates
that the bound charges are geminate, as opposed to non-geminate. Overall both
blends have a high number of bound charges relative to high-performing blends,
which accounts for the low photovoltaic power conversion efficiencies achieved. In
addition, the rate of decay of the number of bound charges, reflected in the decay

of the §.J/J signal, is very fast at approximately 30 ps.
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Figure 7.30: Pump-push photocurrent of INDT-S:PCBM (blue) and INDT-S:KL (red)
devices. The left panel corresponds to a pump wavelength of 400 nm while the right panel
corresponds to a pump wavelength of 800 nm. Regardless of the pump wavelength, the
push pulse was 2000 nm. Both devices have the architecture ITO/ZnO (30 nm)/INDT-
S:acceptor (1:2, w/w)/MoO3/Ag, and were the same devices studied earlier in this
section. Dr Artem Bakulin and Tom Hopper did the experiment and prepared the
figure.

7.3.9 Transient absorption spectroscopy

The pump-push experiment determined that bound states were generated at very
fast timescales in all blends, and that the fraction of bound states was greater when
the polymer was excited in PCBM blends relative to the fraction upon polymer
excitation in KL blends. These bound states could be interfacial polymer-fullerene
charge transfer states, exciton-CT hybrid states, or polymer-only states. Transient
absorption spectroscopy (TAS) can be performed at the same timescales as the
pump-push photocurrent experiment, and can help clarify which particular states
are generated at short timescales after photoexcitation. Therefore I collaborated

with Dr Tracey Clarke at University College London to acquire these data.

Dr Clarke used pump wavelengths of 450 nm and 800 nm in the TAS ex-
periment; the spectra of the pure polymer and both blend films pumped at the
two wavelengths are shown in Figure 7.31. Figure 7.32 shows the correspond-
ing picosecond TAS dynamics, probed at 1200 nm, of the two blends as well as
the polymer pumped at both wavelengths. The probe wavelength is absorbed by
polymer polarons (Figure 7.31a), which are either bound or free. When pumped
at 450 nm (Figure 7.32a), the blends behave similarly, exhibiting the presence of
long-lived charged states, whereas the polymer signal quickly decays. The signal
from the polymer film decays very quickly because there is not an available path-

way for efficient charge separation without an acceptor component. For excitation
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at 450 nm, predominantly the acceptor is excited, and both blends are able to
generate long-lived charges, mainly via hole transfer to the polymer, although the
KL blend appears to have more efficient charge generation than the PCBM blend,
consistent with a partial contribution from electron transfer to the fullerene due
to polymer excitation. On the other hand, when excited at 800 nm (Figure 7.32b),
the dynamics of the PCBM blend signal is almost indistinguishable from the poly-
mer, while the KL blend has some longer-lived charges. This suggests that the
species generated by 800 nm excitation in the PCBM blend are the same as those
generated in the polymer-only blend, so are polymer-only states. Furthermore, the
signal decays with a time constant of approximately 20 ps, which is remarkably
similar to the decay of bound charges in the pump-push photocurrent experiment,
suggesting that these bound states were dominated by polymeric states.

Dr Clarke also acquired microsecond TAS spectra of the two blends, and the
spectra of the two blends excited at 450 nm and 709 nm are shown in Figure 7.33.
The peak at approximately 1600 nm corresponds to the polymer polaron, while the
higher energy peak, which changes position slightly depending on the blend, likely
corresponds to the acceptor anion. For the case of the PCBM blend, excitation
at 450 nm generates more signal than excitation at 709 nm, corresponding to a
higher concentration of long-lived charges. However the situation is reversed for
the case of the KL blend, where excitation at 709 nm results in more free charges

than excitation at 450 nm.
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Figure 7.31: Picosecond transient absorption spectroscopy of (a) INDT-S polymer,
(b,c) INDT-S:PCBM and (d,e) INDT-S:KL films on spectrosil; both blends are 1:2 w/w.
The pump wavelength was either 800 nm (a,c,e) or 450 nm (b,d) in order to selectively
probe the polymer or fullerene respectively. The delay times for each spectrum are
indicated in the legends. In each case the pump fluence was minimised in order to avoid
second-order effects. It is evident from these spectra that there is a long-lived signal in
the spectra of INDT-S:KL, irrespective of pump wavelength, and INDT-S:PCBM when
pumped at 450 nm only. The corresponding dynamics for a probe wavelength of 1200
nm are shown in Figure 7.32. Figure prepared by Dr Tracey Clarke.
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Figure 7.32: ps-TAS data of INDT-S polymer and blend films, pumped at 450 nm
(left panel) and 800 nm (right panel). In both panels, the polymer is the black line,
INDT-S:PCBM is the red line, and INDT-S:KL is the blue line. Both blends are poly-
mer:acceptor 1:2 (w/w), and all films were deposited on spectrosil. Figure prepared by
Dr Tracey Clarke.

~
Q
~

(b)

INDT-S:PC60BM (1:2), 40 uJ cm™ INDT-S:KL (1:2), 40 pnJ cm?
2.5x10* 6.0x10*

Pump wavelength:
—u— 450 nm (400 ns) —A— 709 nm (400 ns),

JASTA A
ANDTTNON

A_.

’ g ogooo
1.0x10* 4 [ DDDD-DAD»D-EM:\ DDDD 0

A0

(=g

5.0x10° 4

—m— 450 nm (400 ns) —A— 709 nm (400 ns)

[ %]

Q Qo

© ©

2 2 5.0x10" < |- o- - 450 nm (1 ps) - 4709 nm (1 ps)

S 2.0x10* A S

o o

< < AA

Q. o A-A.
5 5 40x10* aa e
9 1.5x10° 8 £ -
€ € / -
> 2 " A'A " ]
c £ 3.0x10% A Adda, 4w

e e AA

o 1.0x10" o 3 A . ™

2 2 2.0x10* A Ll

T ‘s ol

E E

o o

[ c

: :

2 2

- O- 450 nm (1 ps) - £--709 nm (1 ps) ~
0.0 T T T T T T T 0.0 T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (nm) Wavelength (nm)

Figure 7.33: ps-TAS data of (a) INDT-S:PCBM and (b) INDT-S:KL blend films; both
blends have a 1:2 polymer:acceptor (w/w) composition. In both figures, excitation at
450 nm is shown by black lines, while excitation at 709 nm is shown by red lines. The
closed symbols correspond to a delay time of 400 ns, while the open symbols correspond

to a delay time of 1 ps. Figure prepared by Dr Tracey Clarke.
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7.3.10 Photoluminescence

From the transient absorption spectroscopy data we have proposed that when the
polymer is photoexcited in a PCBM blend, the exciton does not dissociate fully to
the fullerene but either stays on the polymer or forms an exciton-CT hybrid state.
We have determined this by comparing the TA spectra and the dynamics. Another
way to track the species present is to look for photoluminescence. Polymer sin-
glets tend to have a strong photoluminescence which is usually strongly quenched
in high-performance blends, indicating exciton dissociation from the polymer to
the fullerene. Therefore I collaborated with Dr Diego Alonso Alvarez (Imperial
College, Physics), who measured the photoluminescence on polymer and blend
films, when excited at 785 nm, thereby selectively exciting the polymer.

The results are shown in Figure 7.34, and show that the photoluminescence
of the KL blend is significantly more quenched than the PCBM blend. Further-
more, the spectrum does not appear to change relative to the pure polymer film
photoluminescence. Therefore we can reasonably conclude that either the lumi-
nescing species in each case is the polymer, or a hybrid exciton-CT state at the
same energy. The higher photoluminescence flux from the PCBM film relative to
the KL film therefore indicates that upon photoexcitation, the polymer exciton
indeed does not dissociate very efficiently to the PCBM but can dissociate to the
KL.
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Figure 7.34: Photoluminescence spectra of INDT-S (magenta), INDT-S:PCBM (1:2
w/w) (blue) and INDT-S:KL (1:2 w/w) (red) films on spectrosil. In each case, the film

was excited by a continuous wave 785 nm laser with 40 pW power. The photolumines-

cence was not collected using an integrating sphere and so are not absolute values, nor

are they corrected for absorption. For each material three different films were measured,

and the data shown above correspond to the greatest PL flux in each case. The INDT-S
film was 53 nm thick, INDT-S:PCBM was 187 nm and INDT-S:KL was 134 nm, as

measured using a profilometer. PL data was collected by Dr Diego Alonso Alvarez.
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7.4 Discussion

This chapter essentially addresses the limit of energetic driving force required for
charge separation. Furthermore, the particular species involved in this charge
separation are probed, in that we shed light on the various steps from absorption
to external current. Once a species in the film has absorbed a photon, the exciton
generated can either i) stay on the absorbing species, ii) dissociate but remain
on the same species (for example, in a polymer the exciton can dissociate to an
adjacent chromophore, to form an intramolecular CT state [247, 248)), iii) charge
transfer to an adjacent species forming an intermolecular CT state, iv) form a
hybrid exciton-CT state [110], or v) radiatively recombine.

A singlet exciton or an intramolecular CT state itself is unlikely to result in
current generation and will most likely radiatively recombine back to the ground
state. Intermolecular CT states, especially across heterogeneous species, are spa-
tially more separated and likely to be less strongly coupled to the initial photoex-
cited state. They can either remain bound at the interface, or the charges can fully
charge separate. Free charges can then drift to their respective electrodes resulting
in external current, or can meet another charge of opposite polarity and recom-
bine, either radiatively or non-radiatively. If the energy of the absorbing species
(i.e. polymer) singlet is degenerate with the lowest CT state, a hybrid exciton-CT
state may be generated, which has a greater oscillator strength and lower life-
time than a true interfacial CT state [249]. A hybrid state is characterised by
incomplete charge transfer between the species.

The internal quantum efficiency spectra establish that, when a photon is ab-
sorbed by the polymer in a PCBM or PC;BM blend where the offset in LUMO
energies is approximately zero, this event is unlikely to result in an electron reach-
ing the external circuit. However if the same polymer is blended with KL, with an
increased LUMO offset of approximately 170 meV, this event is significantly more
likely to result in an electron contributing to current. This finding is similar to a
previous study, which instead examined the energy offset required for hole trans-
fer to the polymer [114]. The IQE spectra however do not distinguish between
the various sub-processes previously identified in Section 2.5.2. For instance, it is
conceivable that free charges generated by higher energy photons are less likely to
succumb to non-geminate recombination, in which case the electronic structure of
the interfacial states is not relevant. However the IQE spectra do indicate that
the charge generation efficiency within the polymer spectral region is not affected
by photon energy. This is shown by the flat IQE for wavelengths greater than 650

nim.
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The pump-push photocurrent experiment determines that significantly more
bound states are formed in the INDT-S:PCBM blend than in the INDT-S:KL
blend, at timescales which are too short for non-geminate recombination to be
the cause. Therefore, the bound states being probed by this technique are likely
geminately-formed intermolecular or intramolecular CT states, or exciton-CT hy-
brid states, or polymer-only states. The decay time of the bound states is very
short (approximately 30 ps) which implies that the states are unlikely to be in-
termolecular CT states, which tend to have a longer lifetime. However these
data cannot be conclusive on this matter. Furthermore, the difference between
the number of bound states when the acceptor is excited versus that for polymer
excitation indicate that hole transfer can occur comparably efficiently between

the two blends. However, electron transfer appears to be severely limited in the

INDT-S:PCBM blend.

In the TAS experiments we were able to acquire data from both the polymer
and the blend films, which enables us to shed some light on the question of which
states are the bottleneck in the charge generation process. The pristine INDT-S
and INDT-S:PCBM blend films have almost indistinguishable picosecond dynam-
ics behaviour when pumped at 800 nm and probed at 1200 nm. This suggests that
the polaronic state responsible for the AOD signal in the PCBM blend is from
a polymer-only process. Furthermore, the exponential decay of this state has a
time constant of approximately 20 ps, which closely matches the decay time of
the bound states responsible for the pump-push photocurrent signal, which im-
plies that this signal is also due to polymer-only states. The INDT-S:KL blend,
on the other hand, exhibits a much longer-lived AOD signal, corresponding to
longer-lived charged states which are likely either intermolecular charge transfer
states or free charges. These observations are supported by the photolumines-
cence data, which show that polymer excitons generated in the PCBM blend do
not fully dissociate to the fullerene, but predominantly stay on the polymer and
then radiatively recombine, as shown by the limited PL quenching. Meanwhile
polymer excitons generated in the KL blend do dissociate to the acceptor much

more readily, resulting in a decreased photoluminescence flux.

On the other hand, the blends have much more similar behaviour when ex-
cited at 450 nm in the transient absorption experiment, with both blends exhibit-
ing evidence of longer-lived charged states than those causing the polymer signal.
However, the KL blend exhibits a slow-rising component at early times, which de-
creases when the excitation density is increased, suggesting that this is a signature

of free charges.
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Similarly, the ps-TAS data show the two INDT-S blends behaving differently
upon excitation at different wavelengths. Charge generation, embodied by the
AOD signal at these longer times, is more efficient after 450 nm excitation than
after 709 nm excitation in INDT-S:PCBM blends. However the situation is re-
versed in INDT-S:KL blends, with excitation at 709 nm more efficiently generating
free charges. Furthermore, the absolute magnitude of the AOD signal for exci-
tation at 450 nm is very similar between the two blends. Therefore the trends
observed in the picosecond TAS data, that the KL blend can generate charges
from polymer excitation better than the PCBM blend, are corroborated.

It is difficult to conclude decisively the states responsible for the various TAS
signals, from those listed at the beginning of this section. There is some evi-
dence that the states observed upon polymer excitation in the PCBM blend are
polymeric states, since the dynamics shown in Figure 7.32b are virtually identical
between the polymer and PCBM blend case. Furthermore, the PL emission from
the PCBM blend is very similar to that from the polymer. However, the TAS
spectrum of the PCBM blend is slightly different from the pristine polymer case
(Figures 7.31a and 7.31c), with the PCBM blend exhibiting an additional feature
at around 1050 nm. In addition, the ps-TAS data (Figure 7.33) shows that the
PCBM blend can still form some long-lived charges when excited at the polymer.
Furthermore, the IQE value of approximately 10% in the polymer spectral re-
gion (Figure 7.21) would be extremely high if there was no contribution from the
fullerene. One explanation for these data is that polymer excitation in a PCBM
blend results in hybrid exciton-CT states, which behave similarly to excitons, but
have some CT state character and so a small percentage can result in separated
charges. Another explanation may be that both polymer-only states (intramolec-
ular CT or excitonic), and intermolecular CT states are formed upon excitation,
but the behaviour is dominated by the polymer-only states. Quantum chemi-
cal calculations could elucidate the energetic landscape and thus help to discern

between the possible explanations.

From these data we can propose a model for charge separation from polymer
excitons in these systems. When the polymer absorbs a photon, the polymer ex-
citon quickly forms either a polymer-dominated state (a exciton-CT hybrid, or an
intramolecular CT exciton), or an intermolecular CT exciton with a fullerene; the
branching ratio, i.e. the relative proportion of intermolecular CT excitons formed,
depends on the density of states of the fullerene. The deeper the fullerene states,
the more likely it is that a distinct intermolecular CT state will be formed, charac-

terised by full electron transfer to the acceptor, which can then fully dissociate into
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free charges. The intermolecular CT states have a longer lifetime, and decreased
oscillator strength relative to the polymer intramolecular CT state, as evidenced
by the decreased PL and EL flux in KL blends, and consistent with a previous
study [110]. Meanwhile, if the bottom of the CT state manifold is approximately
degenerate with the polymer singlet, a hybrid exciton-CT state may be formed,
which may behave very similarly to a polymer exciton, exhibiting a high oscillator
strength and short lifetime [249]. This state is characterised by partial electron
transfer. Another possibility is the formation of intramolecular CT states. Previ-
ous work has generally found that intramolecular CT states may be formed due to
variations in the density of states due to polymer microstructure [247, 248|. The
similarity in the dynamics between the pristine polymer and the PCBM blend in
both the TAS and pump-push experiments support the hypothesis that the states
formed are located on the polymer. The various possible states and the proposed
mechanism for charge separation, dependent on the acceptor used in the blend,

are displayed in Figure 7.35.
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Figure 7.35: Proposed model to explain the INDT-S blend experimental results. In

the diagram, the polymer is photoexcited by a low energy pulse, resulting in a polymer
singlet exciton (purple). Depending on the particular acceptor the polymer is blended
with, the polymer exciton either forms a polymer-only intramolecular CT exciton, or a
hybrid exciton-CT state (top branch), or instead forms a heterogeneous intermolecular
CT exciton (bottom branch): polymer excitons in the PCBM blend (blue arrows) do
not preferentially form an intermolecular CT exciton, while polymer excitons in the KL
blend (red arrows) preferentially form the intermolecular CT exciton. The intermolec-
ular CT excitons can dissociate to form separated charges (the CS energy level), either
spontaneously or after a push pulse in the pump-push photocurrent experiment. The
states in the top branch however either decay radiatively to the ground state, resulting
in photoluminescence, or can dissociate into free charges after absorbing a push pulse

in the pump-push photocurrent experiment.
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7.5 Conclusion

The data presented above provide a remarkably clear picture on the reason behind
the differences in charge generation behaviour between blends with very little
LUMO level offset, and blends that have a greater LUMO level offset. Insufficient
LUMO level offset means that there is an insufficient driving force for the polymer
exciton to form a charge transfer state with the acceptor, or that the charge
transfer state is not the lowest in energy, meaning that the exciton is trapped on
the polymer and eventually recombines. Quantum chemical calculations of the
density of states of the donor-acceptor complex, similar to those done in [110],
would help elucidate the available states in both blends.

Furthermore, I found that the charge generation efficiency from polymer exci-
tons was not dependent on the photon energy. This resulted in a flat IQE spectrum
at wavelengths dominated by polymer absorption.

These findings have implications for design of organic photovoltaic systems
more generally as a LUMO-LUMO offset represents an unavoidable energy loss.
The rise of power conversion efficiencies of blends using non-fullerene acceptors
means that it is now possible to more finely tune relative energy offsets between
the donor and acceptor. However the data presented in this chapter suggest that
approximately 0.2 eV will inevitably be lost for efficient charge generation to
occur. While this study focussed on the LUMO-LUMO offset, since the polymers
used were much stronger absorbers than the acceptors, and therefore it is more
pertinent to maximise the current generated from polymer excitons, many non-
fullerene acceptors exhibit strong light absorption and thus the HOMO-HOMO

offset may also prove to be important.

7.6 Experimental Details

The polymers studied in this chapter were made by synthetic chemist collabora-
tors. BTT-DPP was made by Dr Bob Schroeder when he was a member of Prof
[ain McCulloch’s group in the Chemistry department of Imperial College. Mean-
while INDT-S was made by Kealan Fallon in Dr Hugo Bronstein’s group in the
Chemistry department of University College London. The ketolactam was kindly
provided by Solenne BV, while the PCBM and PC;,BM were purchased from
Solenne. In general the methods followed in this work are as described previously
in Chapter 3.

The BTT-DPP devices used to calculate the IQE spectra had an inverted
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architecture and were fabricated using a 25 mg ml~! total concentration solution in
a 4:1 chloroform:1,2-dichlorobenzene solvent mixture. The polymer and fullerene
were co-dissolved in a 1:2 w/w ratio; this solution was left stirring on a hotplate
at 70 °C overnight to ensure full dissolution. After coating of the PEIE layer, the
BTT-DPP blend films were bladecoated using a blade speed of 20 mms™! at a
blade height of 200 pm. The bladecoater bed temperature was 30 °C.

On the other hand, the BTT-DPP devices used for the voltage loss analysis
had a conventional architecture of ITO/PEDOT:PSS (15 nm)/BTT-DPP:acceptor
(1:2, w/w)/Ca (15 nm)/Al (110 nm). The polymer:fullerene solution used to
bladecoat the active layer was the same, but the blade speeds used for the BTT-
DPP:PCBM, BTT-DPP:PC,BM and BTT-DPP:KL active layers were 20, 25 and

1

30 mm s~ respectively. In each case the bladecoater bed was held at 30 °C.

The INDT-S blend active layer for devices was coated from a 30 mgml™! (total)
concentration solution in 1,2-dichlorobenzene. The polymer and fullerene were co-
dissolved in a 1:2 w/w ratio; this solution was left stirring on a hotplate at 120 °C
overnight to ensure full dissolution. After coating of the ZnO layer, the INDT-S
blend films were bladecoated using a blade speed of 25 mms™! at a blade height of
200 pm. The bladecoater bed temperature was 120 °C; the substrates were stored

on the bed prior to coating to ensure temperature equilibration.

In each of the device batches used for IQE measurements, a custom evaporation
mask was used to evaporate the electrodes, which allowed eight of the sixteen
substrates to have very large area electrodes while the remaining eight were the

usual configuration of six 0.045 cm? devices per substrate.

The BTT-DPP-based films for ellipsometry were coated on spectrosil and sil-
icon; the solutions for the pristine polymer and blend films were all 25 mgml~!
total concentration in 4:1 chloroform:1,2-dichlorobenzene. The ketolactam films
for ellipsometry were made using a 40 mgml~! solution in the same solvent mix-
ture. The films were bladecoated at speeds between 10 and 60 mms~! to achieve

a range of thicknesses. The film UV-Vis spectra were taken on the spectrosil films.

The INDT-S-based films for ellipsometry, transient absorption spectroscopy
and photoluminescence were deposited on spectrosil substrates as well. The solu-
tions were prepared in the same way as for devices, except with a concentration of
10 mgml~! for the polymer-only solution. The films were bladecoated at speeds

ranging between 25 and 95 mms~!.

The INDT-S ellipsometry data were taken on a J.A. Woollam V-VASE ellip-
someter, and the data were analysed using the Sopra Winelli II software with the

help of Dr Mariano Campoy.
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Photoluminecence (PL) was excited using a continuous wave Ti: sapphire laser
(Spectra Physics) tuned to 785 nm and 40 pW of absolute power. PL was collected
using a 0.5 m focal length spectrometer (Acton 2300i, Princeton Instruments) and
an InP/InGaAsP photomultiplier tube for the detection (H12694-45, Hamamatsu).
PL intensity was checked at several positions around the centre of the samples to
be confident that the spectra taken were representative of the material average

properties.



Chapter 8
Conclusions and further work

The focus of this thesis was to examine the factors affecting charge generation and
recombination in organic photovoltaics. To this end, I conducted experimental
studies of multiple test systems, in order to determine the limiting characteristic(s)
in each case. The goal was to use these systematic studies to inform future design
of organic photovoltaic devices. Below I therefore first outline the main conclusions
I have been able to draw, and then I suggest future work which may build on the

work presented here.

8.1 Conclusions

Polymer molecular weight is a critical parameter underlying any study into poly-
mer characteristics. With regard to OPV research, it is a critical parameter to
be able to control because the molecular weight distribution can have a profound
effect on a myriad of properties. In Chapter 4 I looked to address the source of
high non-radiative recombination losses in OPV. I found that devices made from
high molecular weight CoCg-IDTBT exhibited lower levels of non-radiative recom-
bination, relative to devices made from a non-fractionated batch, which contained
a wider range of molecular weight polymer chains. This lower non-radiative re-
combination coincided with longer charge lifetimes, which outweighed the lower
mobility values, resulting in greater mobility-lifetime product values. While deter-
mining the cause of the increased non-radiative recombination in non-fractionated
polymer blends was beyond the remit of my study, possible explanations include
increased concentration of end-groups or impurities, both of which may act as
recombination centres. The decreased non-radiative recombination in higher MW
material also coincided with increased EL efficiency, as expected from reciprocity

relations.
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I conducted another study on the influence of polymer molecular weight on
OPV performance, but this time focussing on a DPP-TT-T polymer (Chapters 5
and 6). Again I found that the high molecular weight polymer devices exhib-
ited lower non-radiative voltage losses, although this time the charge lifetime was
independent of molecular weight while the carrier mobility was greater in high
molecular weight polymer devices. This highlights that with polymers, a ‘one
size fits all” approach is rarely appropriate due to the many inter-related factors.
More strikingly however, and in direct contrast to the C;C¢-IDTBT case, I found
a strong dependence of optical absorption on molecular weight, with the high
molecular weight polymers absorbing light more strongly than any polymer sys-
tem we could find in the literature. It appears that stronger optical absorption

contributed to better solar cell efficiencies, along with greater electronic quality.

This observation was surprising, since we would expect the chromophores to
be unaffected by the overall length of the polymer chains, which were well above
the conjugation length, and so we carried out a detailed study to attempt to
elucidate the key factors (Chapter 6). Quantum chemical calculations showed that
persistence length, or the linearity of the polymer, was the best predictor of optical
absorption strength. We found that DPP-TT-T, regardless of its conformation,
tended to be very linear. The calculations predicted that two other polymers,
DPP3T and IDTBT, would also exhibit very high optical absorption, and indeed
we found this was the case. We also found evidence that the molecular weight
dependence of absorption in DPP-TT-T was likely the result of differences in
polymer conformation, and that the low molecular weight polymer had a higher

concentration of curved segments.

Another aspect of current generation is understanding the energetics of exci-
ton dissociation, which generally results in a significant energy loss. Chapter 7
examined this by looking at the effect of pushing the acceptor density of states
to lower energy by using a ketolactam fullerene instead of PCBM. Specifically, I
looked at the dependence of current collection on the energy of the initial photo-
excitation. I found that, when PCBM was the acceptor and there was very little
energy offset between the polymer and the acceptor, polymer excitons did not
result in collected electrons. Furthermore, I found that the bottleneck process was
the formation of interfacial charge transfer states: when PCBM was the acceptor,
the polymer excitons stayed on the polymer and eventually recombined. How-
ever, when the acceptor density of states was pushed down by using a ketolactam
instead, it became favourable for interfacial charge transfer states to be formed,

which could dissociate. This study therefore took a step towards quantifying the
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precise energy offset required for efficient charge separation, which is ever more
important given the recent developments of more tunable non-fullerene acceptors.

The work in this thesis has been presented in the context of organic photo-
voltaic devices, but can be more widely applied, especially given the rising promi-
nence and bright outlook of plastic electronics in general [250]. For example, the
work towards understanding how to maximise light absorption could help inform
design for other devices, such as photodetectors, which may require a very thin
light-sensitive layer. Understanding the processes which increase non-radiative
recombination is also important for improving light-emitting diodes. And the pro-
cess of charge separation is a question of fundamental understanding of soft matter

physics, as well as being important for the development of solar cells.

8.2 Suggestions for further work

Perhaps the most pertinent aspect of further development needed to achieve high-
efficiency OPV devices is to further reduce the energy losses if possible. To
this end, further work on exploring the origins of non-radiative recombination
is needed, as well as decreasing the energy offsets required for efficient charge
separation. On the latter point, the advent of non-fullerene acceptors as well as
more ordered small-molecule organic solar cells is extremely interesting. With
more tunable and ordered systems there is potential to conduct more systematic
studies to try and fine-tune the minimisation of energy losses. There are multiple
methods to measure recombination, and so a better understanding of how they
inter-relate, and more understanding of the losses at a molecular level are needed.
For example, greater understanding is needed of how the phase behaviour and
molecular packing affects electronic properties. There is also much to be under-
stood with regards to the mechanism of charge separation. Since this is such a
multi-scale problem, multi-scale modelling will likely be helpful to try and explain
the experimental observations.

There is also much work to be done to understand what limits light absorption
in conjugated polymers. The integrated oscillator strength in the visible is an
order of magnitude less than the theoretical maximum, so there is a lot of space
for potential improvement. Experimental measurement of persistence length in
polymers is key to validating our hypothesis, although this is not an easy mea-
surement to do. Neutron scattering can be a very useful method to examine
the conformation of molecules in solution, while more classical polymer science

methods such as the intrinsic viscosity could also afford a measurement of the
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persistence length; both these experiments are underway. Furthermore, the avail-
ability of well-controlled oligomers allows for more fundamental assessments of
the effect of chain length on the optical absorption. These small systems are also
well-suited to complementary quantum chemical calculations as well as molecular
dynamics, which could prove very fruitful.

More generally, and unrelated to my research, work is needed to understand
and control the mechanisms of degradation in OPV if this technology is going to
become commercially viable. In addition, scaling up from lab-scale to industry
scale has its hurdles which will need to be overcome. These hurdles are for ex-
ample materials-related, such as developing cheaper routes of polymer synthesis,
or processing-related, such as understanding better the rheology of the printing
process and optimising the ink, perhaps moving away from chlorinated solvents.
OPYV has some particular advantages over the established solar cell technologies

so its success will likely rely on targeting specialised applications.
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