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Abstract

Soft materials employing organic molecules are among the front-running candidates for next-
generation solar cells. They offer lightweight, flexible characteristics which are cheap to produce
and implement, making them more promising than commercially available inorganic photo-
voltaics. Furthermore, the possibility to tune the molecular structure of organic components
presents an infinite pool of opportunity in the endeavour to enhance photovoltaic performance.
This thesis evaluates a collection of soft materials from various perspectives that are currently
at the forefront of photovoltaic research. The investigations described herein aim to eluci-
date the mechanisms contributing to photovoltaic performance by application of time-resolved

spectroscopic tools.

Chapter 3 examines the effects of chemical structure modification on small molecule compo-
nents for organic photovoltaic devices. Two studies are presented, both of which describe a
regioisomeric modification on a molecular structure that is incorporated into a photovoltaic
blend. In both cases, transient absorption spectroscopy reveals stark contrasts in the mate-
rials’ exciton and charge dynamics which strongly influence their propensity for photovoltaic
charge generation. The discussion highlights the dramatic consequences of minor structural
differences in organic photovoltaic components, which emphasises the immense potential for

their development.

Chapter 4 considers the operational stability of photovoltaic devices comprising soft materials,
which is a major hurdle currently hindering their industrialisation. Two studies are presented, in
which charge dynamics unravelled by transient absorption spectroscopy are used to rationalise

the studied materials’ lifetimes under operational conditions.

Chapter 5 explores the natural biological apparatus for photovoltaic light-harvesting by examin-
ing photosynthetic microorganisms. A range of electrochemical and time-resolved spectroscopic
methods are employed in order to investigate photoinduced processes in cyanobacteria in bio-

photovoltaic devices as well as in vivo.

Overall, the research demonstrated in this thesis establishes fundamental findings for advancing
soft photovoltaic materials. The insights regarding photophysical processes and optoelectronic
properties of the studied systems highlight crucial lessons for material optimisation which could

aid in their development, contributing to the goal of commercialisation.
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Nomenclature

Frequently used acronyms

A

AO

BHJ

BPV

CS

CT

ES

ET

ETL

FRET

GA

GSB

HOMO

HTL

IPCE

Electron-accepting component
Atomic orbital

Bulk heterojunction
Biophotovoltaic device

Charge separation

Charge transfer
Electron-donating component
Excited state

Energy transfer

Electron transporting layer
Forster resonance energy transfer
Global analysis

Ground state bleach

Highest occupied molecular orbital
Hole transporting layer

Incident photon-to-electron conversion efficiency

X



LUMO
MO
NC
NFA
OD
OPV
PCE
PES
PIA
PL

PSI
PSII
QDSC
RC
SCOM
SE

TA
TCSPC
UV-Vis

WOC

Lowest unoccupied molecular orbital
Molecular orbital
Nanocrystal

Non-fullerene acceptor
Optical density

Organic photovoltaic
Power conversion efficiency
Potential energy surface
Photoinduced absorption
Photoluminescence
Photosystem I
Photosystem II

Quantum dot solar cell
Reaction centre

Spectral centre of mass
Stimulated emission

Transient absorption

Time-correlated single photon counting

Ultraviolet-visible

Water oxidation complex

Chemical names

BDT

Silver bismuth sulfide

Benzodithiophene



D18

DCI

DRCNSGT

EDT
FTO
IDT
IO-ITO

ITIC

ITO
MOOg
P3HT

PBDB-T

PbS
PC7BM
PTAA

PTB7

Seln

Poly|(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo|[1,2-b:4,5-b’|dithiophene))-
alt-5,5’-(5,8-bis(4-(2-butyloctyl)thiophen-2-yl)dithieno[3,2":3,4;2” ;37 :5,6]benzo[1,2-
c|[1,2,5]thiadiazole)]

1,1-Dicyanomethylene-3-indanone

2,2'-[(3,377,3"" 4’~tetraoctyl[2,27:5" 2" :5" 27 ":57" 2”” -quinquethiophene]-5,5” 7 -diyl) bis[(Z)-

methylidyne(3-ethyl-4-oxo0-5,2-thiazolidinediylidene)||bis-propanedinitrile
1,2-Ethanedithiol

Fluorine-doped tin oxide

Indacenodithiophene

Inverse-opal indium tin oxide

3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:20,30-d’]-s-indacenol1,2-b:5,6-]

Indium tin oxide
Molybdenum trioxide
poly(3-hexylthiophene-2,5-diyl)

poly[(2,6-(4,8-bis(5-2(ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-
(5,5-(17,3’-di-2-thienyl-5’,7’bis(2-ethylhexyl)benzo[1’,2’-c:4’5’-¢’|dithiophene-4,8-dione)]

Lead sulfide
6,6]-phenyl-C71-butyric acid methyl ester
poly-[bis-(4-phenyl)-(2,4,6-trimethylphenyl)-amine

poly|[[4,8-bis9(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]

3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)indanone))- 4,4,9,9-tetrakis(3-((2-ethyl
hexyl)-oxy)phenyl)diseleno[2,3-d:2,3-d]-s-indaceno[1,2-b:5,6-b]dithiophene
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SeOut

Y6

ZnO

3,9-bis(2-methylene-(3-(1,1- dicyanomethylene)indanone))-4,4,9,9-tetrakis(3-((2-ethyl
hexyl)oxy)-phenyl)dithieno|2,3-d:2,3-d]-s-indaceno[1,2-b:5,6-b]-diselenophene

2,2'-((22,2'2)-((12,13-bis(2-ethylhexyl)- 3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
elthieno [2,37:4",5’|thieno [2°,37:4,5]pyrrolo[3,2-g]thieno[2’,3":4,5] thieno[3,2-b]indole-
2,10-diyl)bis(methanylylidene)) bis(5,6-difluoro-3-oxo-2,3- dihydro-1H-indene-2,1-

diylidene))dimalononitrile

Zinc oxide

Physical constants

€0

h

kg

Vacuum permittivity (8.85 x 1072 F m™)
Reduced Planck’s constant (1.05 x 1073* J s)
Boltzmann constant (1.38 x 1072 J K!)
Elementary charge (1.60 x 1071 C)

Planck’s constant (6.63 x 10731 J s)
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Chapter 1

Introduction

1.1 Motivation

It is no revelation that the current energy infrastructure needs uprooting, with over 80 % of
the global demand, which currently exceeds 15 TW annually, being supplied by fossil fuels
Energy-related CO, emissions flattened at 33 Gt in 2019 due to the increasing contribution from
renewable sources. However, overall we continue on a trajectory that is predicted to displace
187 million people worldwide by the year 2100 due to land loss from rising sea levels? It is
therefore not enough to plateau in the energy generation industry, which alone accounts for
around 70 % of total CO5” The role of renewables must surge significantly in order to actively
drag the total down. To this end, it is intuitive to turn to the most ubiquitous and predictable

energy source available: the Sun.

The Earth receives 120,000 TW of solar energy to its surface on average, which satisfies the
global annual energy demand in less than one hour* With 2018 seeing solar energy generation
exceeding a 500 GW capacity and a further 500 GW anticipated by 2023, the present moment

marks an exciting step in the career of solar power as it enters the league of terawatt sources.”
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1.2 Photovoltaic materials

In actual fact, solar power is not a futuristic concept but a historical one: the photovoltaic
effect was first demonstrated in 1839, at the midpoint on the timeline between the debut of
electrical batteries and Edison’s lightbulb.®® The first solar cell came much later in 1954 with
a power conversion efficiency (PCE) of just 6 % and was composed of crystalline silicon, which
monopolises the market to this day with commercial efficiencies of around 24 % 2% While the
rapid growth in the performance of these devices appears promising, the theoretical limit of
solar cell efficiency at 33.7 % grants little room for improving their efficiency relative to the
unsustainable yet cheap resources that power our grid*!' It is thus clear that we need to reduce
the cost of fabricating these devices in order to compete with the high power-to-cost ratios
exhibited by fossil fuels. To achieve this, the photovoltaic field is increasingly turning to new
alternatives due to their flexibility and light weight as well as low processing and application

costs compared to silicon photovoltaics.

1.3 Photophysics in photovoltaic semiconductors

In order to examine the properties of photovoltaic materials which influence their performance
and stability, it is necessary to first discuss the physical theory behind their photoinduced
behaviours. This section discusses the basic photophysics determining the electronic structure
and properties of semiconductors and thus outlines the systems at play when photons are

harnessed by matter to generate electrical current.

1.3.1 The quantisation of energy

The energetic and electronic states of any quantum system are constrained to take discrete
values as a consequence of the wave-particle duality of the electrons which carry electrical

charge. The de Broglie equation illustrates this duality by describing wavelength A as a function
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of a particle’s mass m and velocity v:
h
A= —=— (1.1)
p

where h is Plank’s constant and p is the particle’s momentum. The Heisenberg uncertainty
principle relates the product of the standard deviations associated with the position and mo-
mentum of a particle to a constant*? This hence asserts that it is not possible to precisely
define a particle’s position and momentum simultaneously; a greater precision in one value ren-
ders a greater uncertainty associated with the other. It is therefore more prudent to describe
electrons by a wavefunction: an equation expressing the region of space where the electron is

likely to be found.

The wavefunction of a single electron is described according to the “particle in a box” model
which considers the electron as confined to a one-dimensional box of length L. The amplitude
of the wave inside the box describes the probability of the electron being found at a given
point in space and the derivative of the wavefunction gives its energy*® The boundaries of the
box are defined by nodes at which the wave has an amplitude of zero and therefore the total
probability of finding the electron inside the box must be unity. Likewise, the potential energy
at the walls of the box is infinitely large while the potential energy across the inside of the
box is zero. The wavefunction must therefore vanish at the walls of the box and its amplitude
must be continuous inside the box (i.e. its momentum must be continuous). These conditions
establish that the equation of the wavefunction is restricted to take certain allowed forms and
ultimately arise at an equation to prescribe the energy of the particle:

h2n2n?

e 1.2
2m L2 (1.2)

Where 1 is the reduced Planck’s constant, m is the mass of the particle and n is the principal
quantum number of the particle, which must be an integer. It therefore follows that the
particle’s energy may only take discrete values that are spaced by a multiple of the constant
for a given particle in a given box, with the spacing equal to i*7? /2mL?. The quantisation of

energy therefore arises, restricting the energy of the electron to discrete energy levels determined
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by the quantum number of the particle.

1.3.2 Electronic structure in semiconductors

Of course, the particle in a box model describes an isolated electron and thus is far too simple to
express the complex electronic structure of atoms and molecules. Atomic orbitals (AOs) denote
the one electron wavefunctions representing the region in space in the atom at which it is likely
to find an electron. For molecules the wavefunctions are expressed as linear combinations of

these AOs, affording molecular orbitals (MOs) which arise when AOs overlap in a molecule.

All orbitals intrinsically contain positive and negatively phased lobes. Hence the combination
of AOs can result in either constructive or destructive interference, giving rise to bonding and
antibonding orbitals respectively. The constructive sharing of electron density in bonding MOs
results in a lower energy MO than the high energy destructive antibonding MO. Consequently;,
the energy of two overlapping AOs affords a “splitting” of the energy, placing the energy levels
of the bonding and antibonding orbitals above and below the relevant AOs, respectively. This

results in a general structure of the electronic energy levels that is illustrated in figure 1.1.

An example of a molecular bonding diagram for a carbon bond is also shown in figure 1.1. The
valence electrons involved in carbon bonds reside in the p orbitals. These orbitals can achieve
overlap by head-on alignment, denoted a ¢ MO, or by parallel alignment such that the electron
density is shared on an axis perpendicular to the lobes, realising a 7 MO. Depending on the
relative phase of the relevant orbital lobes, both of these families of MOs can be either bonding

or antibonding, symbolised as o /7 or o % /7% respectively.

A pertinent consideration is that there must be an equal number of MOs as there are AOs. This
rule arises from the fact that two overlapping AOs will unwaveringly afford exactly one bonding
and one antibonding MO. For relatively small molecular systems, such as an organic molecule,
these MOs are sufficiently few that their spacing is significant and the electronic structure
remains restricted to discrete levels. However, for bigger systems such as a large inorganic

crystalline lattice, the infinitely high quantity of these discrete energy levels renders them
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Figure 1.1: Atomic orbitals (top) and molecular orbital diagram for the C=C bond in ethene
between two CH, fragments.

indistinguishable on the energetic scale of the whole lattice. This effect causes the electronic
structure of crystalline systems to instead be represented by a “density of states”, generally
described as “bands” of continuous MO energy levels as opposed to distinct MOs1# The
Aufbau principle asserts that electrons must fill the lowest energy states before occupying
higher-lying energy levels!¥ In molecular systems, this determines that the electrons fill up the
orbitals in increasing energy to the highest occupied molecular orbital (HOMO), with the lowest
unoccupied molecular orbital (LUMO) lying consecutively above it. In the band structure of
crystal systems, the bands are differentiated as the valence band and the conduction band for
the continuum of filled and empty states, respectively. When the HOMO-LUMO energy gap
or the gap between the valence band and conduction band, termed band gap or E,, is below 3

eV then the material is termed a semiconductor.

1.3.3 Optical transitions

Satisfaction of the Aufbau principle occurs on the assumption that the system is in its lowest
possible energy state or “ground state”. However, an atom or molecule may absorb a photon

resulting in the transition of the system from the ground state to a higher-lying excited state.
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An electron is thus excited from the HOMO or valence band to the LUMO or conduction
band. The energy of the incident photon must be resonant with the energy of the band gap in
order to be absorbed. Furthermore, in order for a transition to be allowed, the spin or angular

momentum of the electrons in the system must be conserved.

Excited states resulting from a transition in which spin is conserved are termed singlet states
while transitions which do not conserve the overall spin of the system are technically forbidden
and give rise to triplet states. However, they are in fact not truly forbidden and are weakly
allowed transitions which occur with a very low probability compared to technically allowed
transitions. As a result, absorption by the ground state typically occurs with excitation to the
first singlet excited state, and triplet states can be accessed via the singlet excited state in a

processed termed intersystem crossing.

Following excitation from the ground state, denoted Sy, to the first excited singlet state, Sq,
there are a number of photoinduced electronic processes that can ensue which are summarised
in the Jablonski diagram in figure 1.2. The system can relax back down to the ground state,
resulting in the excess energy being dissipated either by radiative or non-radiative decay. Ra-
diative decay encompasses both fluorescence and phosphorescence which refer to emission from
excited singlet and triplet states respectively. Kasha’s rule states that emission occurs with sig-
nificant quantum yield exclusively from the lowest lying state of a given multiplicity.*? Hence
the S; state is assumed to account for all fluorescence while phosphorescence is exhibited only

from the first excited triplet state, T.

The excited states may also absorb further photons to yield higher-lying excited states S,...S,
or Ty... T, (where n is an integer), in a process termed excited state absorption. Furthermore,
the ground state may actually absorb higher energy photons of E;, > nE, (where n =2,34...)
however the system will then undergo rapid internal conversion to S;. The process of internal
conversion embodies transfer from one electronic state to another state of the same multiplic-
ity. The excited state may also undergo transfer to another excited state of different spin,
termed intersystem crossing. The intrinsically spin-forbidden nature of intersystem crossing

and phosphorescence processes renders their rates far slower than the spin-conserving processes
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of internal conversion and fluorescence.

Each electronic state is coupled to a manifold of vibrational states and thus the first photoin-
duced process to occur following excitation to an excited state is vibrational relaxation to the
lowest-lying vibrational state within the electronic state. The excess energy from the vibra-
tional relaxation is dissipated as heat. Non-radiative decay can occur via vibrational relaxation
within a given electronic state or via the coupling of an electronic state to a vibrational state
within the manifold of a lower-lying electronic state. This allows the system to relax to lower-
lying electronic states without emission of a photon and instead with the dissipation of heat.
This is understood to be a major consideration in the possible routes by which photovoltaics

may suffer energy loss and thus detriment their efficiency.
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Figure 1.2: Jablonski diagram summarising electronic (straight lines) and vibrational (wavy
lines) transitions induced by absorption of a photon. Sg, S; and Sy represent the ground state,
first singlet excited state and second singlet excited state respectively. T; and Ty depict the
first and second triplet state.

1.3.4 Excitons

On photoexcitation of a system from the ground state to the excited state, an electron is
promoted across the band gap from the HOMO to the LUMO or from the valence band to
the conduction band in organic and inorganic semiconductors, respectively. This also leaves a
positive charge, denoted a “hole”, on the HOMO or valence band. The Coulombic attraction

between the electron and hole bind them to each other and collectively both charges together
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with their electrostatic attraction are termed an “exciton”. The distance between the electron

and hole is called the Bohr radius, R,,:

_ Admegerh

Where e, is the reduced mass of the electron-hole pair, ¢ is the electron charge, ¢y is the
vacuum permittivity and e, is the relative permittivity, a measure of the ratio of the electric
permeability of the material to that of a vacuum. This value therefore quantifies the factor by

which the electric field between two point charges is decreased relative to a vacuum.

The proper operation of a photovoltaic material requires the electrical current to be collected
and therefore the overall neutral exciton is required to separate into free charges in order for
photocurrent to be generated. This necessitates the provision of a sum of energy greater than
the Coulombic binding energy, Ep, which can be calculated as a function of the Bohr radius

by rearrangement of equation 1.3:

q2

EFp=——"—
B dmege, Rey

(1.4)

It follows that the exciton binding energy is a function of the relative permittivity of the
material. As discussed in section 1.3.2, the electronic structures of organic and inorganic
semiconductors are vastly different, which in turn establishes a stark contrast in the relative
permittivity of organic versus inorganic semiconductors. Organic molecules typically exhibit a
small relative permittivity and hence a large exciton binding energy, manifesting tightly bound
electrons and holes with small excitons that are localised to molecular units. Such excitons are
known as Frenkel excitons. Conversely, inorganic semiconductors usually exhibit a large relative
permittivity compared to that of organic semiconductors, affording large Bohr radii and weakly
bound excitons termed Wannier-Mott excitons. The binding energy of excitons in inorganic
materials generally is so low that they undergo separation spontaneously at room temperature,
giving rise to large populations of free charge carriers and thus efficient photocurrent generation.
Figure 1.3 illustrates the difference between Frenkel and Wannier-Mott excitons in terms of how

they percolate in space.
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As the excitons in organic semiconductors do not readily separate at room temperature, the
exciton binding energy must be offset in order to achieve photocurrent generation. An exciton
will travel through the material as a tightly bound entity by hopping between molecules until
it reaches an interface with an electron-accepting material in order for charge separation to be
instigated.

Wannier-Mott exciton Frenkel exciton
Typical of inorganic semiconductors Typical of organic semiconductors

o) (O O O O O)
OO0 ®O0O [0O00O0O0
O%® ¢ Ol |O®® O O
Q. 0.0 O

0 00 0 O,

Figure 1.3: The typical nature of excitons in organic and inorganic semiconductors.

1.3.5 Energy transfer

Organic photovoltaics (OPVs) require that an exciton diffuses through the material to meet an
interface between two domains in order to generate photocurrent. In the event that an exciton
does not reach this domain boundary within its lifetime (before recombination occurs), the
absorbed energy will be wasted. Typically, the diffusion lengths of singlet excitons in OPVs
tend to be on the order of tens of nanometres*® and the bulk heterojunction morphology was
introduced to facilitate the separation of charges within this distance*” This is explained in

more detail in section 1.4.2.

The process of exciton diffusion requires energy transfer (ET) where the excitation energy is
relocated from the energy donor site to the energy-accepting site, resulting in a ground state
donor and an exciton on the acceptor. In general, the simplest mechanism of this process
entails radiative emission of a photon from the donor molecule that is absorbed by the acceptor

molecule, resulting in relaxation of the donor to its ground state and formation of an exciton on
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the acceptor. This process therefore requires a strong overlap of the donor’s emission spectrum
and acceptor’s absorption spectrum, where the probability of an ET event scales with the

spectral overlap integral of these two functions.

However, ET in OPVs usually occurs by one of the two single-step non-radiative mechanisms
whereby the donor relaxes from its excited state to the ground state, inducing synchronous
excitation of the acceptor via a direct coupling.’® The three possible energy transfer mechanisms

are summarised schematically in figure 1.4.

Radiative energy transa ﬁjrster energy transferI Gexter energy transfe?
1 1 1 1 1

I | I I I I

wes| — —»

LR TR TR B I

Figure 1.4: Schematic diagrams of radiative, Forster and Dexter energy transfer. Straight lines
and wavy lines represent radiative and non-radiative processes respectively, while curved arrows
depict transfer of electrons.

For singlet excitons, Forster resonance energy transfer (FRET) takes place through space via
intermolecular dipole-dipole coupling and can be observed significantly for ranges up to 5 nm.*?
FRET vaguely resembles radiative energy transfer (RET) in that a virtual photon is emitted
from the excited state donor molecule, D*, and is instantaneously absorbed by the ground
state acceptor molecule A, to afford D and A*. However, the distinction for FRET compared
to RET is underpinned by the fact that the coupling between D and A occurs via the weak
Coulombic interaction between the resonant dipoles on the two molecules. Hence FRET does
not actually entail the physical exchange of a photon, while it does maintain the prerequisite
for spectral overlap of donor emission and acceptor absorption. As implied by its dependence

on dipole-dipole interactions, the relationship between the rate of FRET and donor-acceptor

distance reflects that of London dispersion forces, being inversely proportional to the sixth
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power of the donor-acceptor separation, r:

R 6
krrer = k’D(TO) (1.5)

Where R, is the Forster radius and kp is the rate of decay of the donor.

In the case of triplet excitons, transition between a triplet excited state on the donor, D3*, and
its singlet ground state, Dy, is classically spin-forbidden. As such, triplet excitons are unable to
undergo FRET and instead transfer energy via the Dexter mechanism. In this case, electrons
are physically exchanged between donor and acceptor to afford the singlet ground state D,
and excited triplet state As*, therefore achieving overall conservation of spin. This mechanism
thus forgoes the necessity for overlap of absorption and emission spectra and instead requires
significant overlap of the wavefunctions of the relevant orbitals involved in the exchange. It
follows that far stronger coupling is required and that Dexter ET is observed only at very
short ranges of 0.1 — 1 nm, exhibiting approximately exponential depletion at increasing donor-

acceptor distances#2Y

1.3.6 Charge transfer

Once an exciton is formed following absorption of a photon, its subsequent dissociation into
free charges is critical for efficiency in the photovoltaic process.?¥¥ As discussed in section
1.3.4, the exciton binding energy in organic semiconductors tends to be relatively high, typically
reaching around 0.1-0.5 eV** compared to 0.01 eV for silicon.” The lowest binding energies
found for organic systems were calculated to be at approximately 0.05 eV which still far exceeds

the thermal energy at room temperature (0.026 eV).20:27

When the exciton binding energy exceeds the thermal energy, the electron and hole may be too
tightly bound to separate into free charges and the competitive process of exciton recombination
becomes significant.** Contributions to the binding energy include the Coulombic attraction
between the electron and hole as well as electron-electron and electron-lattice interactions.*®

For the latter, the formation of polarons gives rise to localised relaxation of the excited state
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which contributes to the strong exciton binding energy in organic semiconductors compared to
inorganic counterparts (in which the rigid crystalline structure means that this lattice defor-
mation does not occur to such an extent). Therefore, the consideration of exciton dissociation
is crucial in organic semiconductors, for which there are two fundamental theories which are

widely accepted. These will be discussed in depth in the subsequent sections and are illustrated

in figure 1.5.
Marcus Theory Onsager Theory
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Figure 1.5: Plots summarising the key principles of Marcus theory and Onsager theory.

Marcus theory

Marcus theory, now universally applied for the understanding of charge transfer in organic
photovoltaics® “#* was suggested in 1956 shortly after the realisation of the first solar cell.#* It
refers to the excitonic state and the charge transfer (CT) state as reactant and product states
respectively and considers their potential energy surfaces (PESs) to be harmonic oscillators
on which the nuclei of each state may propagate. The Franck-Condon principle asserts that
electron transfer occurs at a rate far faster than motion of nuclei such that electron transfer
can be assumed to occur with no change in the relevant nuclear coordinates. It follows that
electron transfer may only take place at an intersection between the PESs in order to satisfy

the Franck-Condon principle; hence the intersectional coordinate on the CT state PES defines
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the energy that the reactant state is required to reach in order to achieve electron transfer.
Electron transfer is thus associated with an activation energy barrier, AG#, which must be

overcome in order for the process to be energetically possible:

(A + AG°)?

AGH =
4\

(1.6)

Where AG* is a function of Gibbs free energy, AG®, and reorganisation energy \: the energy
required in order for the reactant state and its solvent lattice to reach the nuclear geometry
of the product state. From equation 1.6, it can be seen that in the regime where —AG°® < A,
as AG° becomes less negative the activation energy decreases such that the rate of electron
transfer increases. This is until —AG°® = X at which point the activation energy reaches its
minimum and the rate of electron transfer achieves its maximum. Surpassing this point, where
—AG° > ), the activation energy increases thus decreasing the rate of electron transfer. This

is denoted the inverted region, the boundaries of which are governed by A.

From this activation energy, the rate constant kg can be derived from the Arrhenius relation

to be:
27 (A + AG°)?
fpp = —— 2 (— TS )T 1.7
N v Y A S VR . (1.7)

Where the pre-exponential term captures the reactant and product states’ electronic coupling,

dependent on the overlap of the donor and acceptor wavefunctions.

While Marcus theory has been extensively demonstrated to account for experimental results in
organic blends,*® modifications must be taken into account for some systems. For example, in
solid films the energy levels should be considered as a continuous band of states as opposed to
discrete levels. This requires the integration of equation 1.7 over the density of possible states
where previously the equation treated discrete acceptor states. A further expansion of Marcus
theory is underpinned by the Marcus-Levich-Jortner equation which explicitly accounts for the
influence of vibrational energy levels and the subsequent possibility of tunnelling and its effects
on electron transfer rate*” which has also been applied to organic photovoltaics?* Overall,

while some disputes have arisen suggesting that excitons are directly coupled to separated
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charges such that charge transfer states should not be considered,*® Marcus theory is widely

employed for the modelling of charge transfer in organic semiconductors.

Onsager theory

Another model that has been extensively applied to the study of charge separation from the

3943 is Onsager theory** As mentioned above, dissociation of

CT state in organic photovoltaics
the Coulombically bound electron-hole pair into free charge carriers can be hindered in organic
materials by the high exciton binding energy. If the exciton does not dissociate within the
lifetime of the CT state then geminate recombination will occur, where the hole and electron
from the same exciton will recombine and the ground state will be regenerated. The energy
lost by relaxation from the excited state to the ground state will be emitted and this is a major
consideration in the discussion of efficiency and loss thereof in OPVs. The competition between

charge separation and geminate recombination was first modelled by Onsager by derivation of

the probability of the exciton overcoming the binding energy and separating into free charges.

The model describes photoinduced formation of a localised hole and a “hot” electron which
subsequently thermalises at some distance, the thermalisation length a, from the hole location.
This localised hole and thermalised electron pair are together denoted the CT state. The
competition between recombination of the two charges and their separation is determined by
the Coulombic attraction binding them in this CT state. Onsager introduced a threshold
distance for dissociation beyond which the Coulombic attraction is exceeded by the thermal

energy kg1, denoted the Coulomb capture radius r.:

q2

- 1.8
dmeeokpT (1.8)

Te

where ¢ is the electronic charge, €, is the dielectric constant of the surrounding material, €, is
the vacuum permittivity, kg is the Boltzmann constant and 7' is temperature. At electron-hole
separations greater than r., the charges are predicted to fully dissociate to form free charge

carriers. The electron and hole are vulnerable to geminate recombination at distances below
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1., where they are described by Onsager theory to have a probability of their separation P(E),

equal to 1-P(E) of recombination:

qre

P(E) = exp( - T

E) (1.9)

where E is the electric field strength. In organic materials, r. and a are usually around 4 nm

2415 and thus the importance of the other variable terms in equation

and 0.5 — 1 nm respectively,
1.9, specifically temperature and the electric field, become clear. Comparisons of experimental
and theoretical results in application of this model to investigate probability of charge separa-
tion as a function of electric field strength have been carried out on a variety of systems. 2™
Furthermore, equation 1.8 evidences the influence of the dielectric constant in determining 7,
and hence the exponential factor in the probability equation. In organic materials, €, tends to
be significantly smaller than that of inorganic semiconductors, typically below 4 and exceeding
10 in the former and latter respectively, and as high as 11.7 in silicon.®” Hence the probability
of exciton dissociation is greatly diminished in OPVs compared to inorganic materials. As
such, design and modelling of OPVs with the aim of maximising €, has been the focus of some

important research 223

Onsager theory was later expanded to Onsager-Braun theory when Braun revised the model to
account for the finite lifetime of CT states.*” In Onsager theory, an assumption is made that
when a = 0, recombination occurs irreversibly with 100 % probability. The Braun modification
allows for the CT state to have some lifetime, 7, during which several dissociation and recom-
bination attempts may occur, all of which are reversible. The probability of charge separation

as a function of electric field strength is then given by:

P(E) = kq(E)T(E) (1.10)

Where k; is the rate constant for dissociation and 7 the lifetime of the CT state.

Further modifications to Onsager-Braun theory include taking into account that disordered

systems may exhibit a distribution of CT state separations, in which case the probability should
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be integrated over the range of a values.*! Other work by Tachiya has developed Onsager-Braun
theory to allow consideration of high electron mobility*® which facilitated the application of

the model to charge generation in conjugated polymers.>*

It is worth noting that organic semiconductors exhibit large contributions from energetic disor-
der® and high reorganisation energies along the charge separation reaction coordinate, which is
not explicitly treated in Onsager-Braun theory as it is in Marcus theory. However, there have
still been several successful applications of the model to organic photovoltaics, acquiring data
that are consistent with experimental results of photocurrent dependence on field strengths,

temperature and applied voltage 112250

1.3.7 Charge transport and extraction

Once excitons have successfully dissociated into free carriers, they must be extracted at elec-
trodes in order to generate photocurrent. This necessitates the complete transport of charge
carriers from the site of their separation to the respective electrodes. In conjugated organic
molecules, delocalised m-systems persist across the individual molecular units which facilitates
fast intramolecular charge transport. However, intermolecular charge mobility necessitates ap-
propriate delocalisation of MOs towards neighbouring molecules, determined by intermolecular

packing within a domain.>”

The charge mobility in organic semiconductors is thus highly
sensitive to structural and energetic disorder giving rise to fluctuations in non-covalent inter-
molecular interactions.”® Particularly in conjugated polymers, the relative conformations of the
polymer backbone establishes the uniformity of the structures across the domain and also de-
termines the ability of electronic wavefunctions to delocalise along the chain.* Venkateshvaran
et al. showed that even conjugated polymers with relatively low crystallinity exhibit a much
lower degree of energetic disorder than more crystalline polymers due to the distribution of the

159 This result demonstrates that it is

polymer backbone conformation throughout the materia
the uniformity of the molecular conformation distribution that controls the charge mobility in

polymer semiconductors, as opposed to the crystallinity of individual molecular units.

In the case of molecular semiconductors comprising donor-acceptor blends, efficient charge
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transport is promoted by enhanced crystallinity of materials, favouring large and ordered do-

mains.%!

Conversely, smaller and more thoroughly intermixed domains benefit charge sepa-
ration rates and quantum yields, simply due to the fact that excitation events have a higher
probability of occurring near to an interface with an electron-acceptor.®? These circumstances

establish an important compromise in the consideration of active layer morphology in the op-

timisation of photovoltaic devices, which is addressed in chapter 3.

1.3.8 Recombination

As outlined in the previous section, excitons formed as a result of the absorption of a photon
must separate into free electrons and holes in order to achieve photocurrent generation. Those
free charges must also be subsequently collected at electrodes, requiring their transport through
the material and their successful completion of the journey from the site of charge separation
to the electrode. However, at several stages during this process the electron and hole may
recombine, resulting in a relaxation from the excited state back to the ground state, effecting
a loss of energy.®? The fate of the excitation energy is determined by the mechanism by which

the recombination occurs.

Radiative and non-radiative recombination processes result in the emission of photons and
phonons respectively and have different implications for device optimisation. Radiative re-
combination is understood to be unavoidable in solar cell devices as an intrinsic property of a
photovoltaic material ¥ Conversely, materials and device configurations can be optimised in an
attempt to attenuate non-radiative recombination.®™ The understanding of non-radiative re-
combination mechanisms therefore grants opportunity to suppress charge carrier recombination

and thereby maximise device efficiencies in photovoltaics.

Geminate recombination (GR) refers to the monomolecular recombination of an electron and
hole which originate from one common exciton. When an exciton dissociates and forms a
charge transfer state, it must overcome the Coulombic binding energy and separate into free
charges within the charge transfer state lifetime, otherwise the “geminate pair” will recombine.

GR can occur either radiatively or non-radiatively, typically on the timescale of picoseconds to
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tens of nanoseconds, and competes with the crucial charge separation process™ Among the

key conditions which influence the competition between geminate recombination and charge

73|74 (HHTT

separation are energetic driving forces and material morphology:

In the case that electrons and holes successfully avoid GR and achieve charge separation, they
are still vulnerable to non-geminate recombination (NGR) if they encounter another charge
carrier during their diffusion towards the electrodes. In NGR, an electron and hole originating
from distinct excitation events collide somewhere in the material, resulting in relaxation of the
relevant excited states to their respective ground states. Once again, the wasted excitation
energy may be spent radiatively or non-radiatively. NGR is a bimolecular process, dependent
on the populations of both excitons and holes, and hence scales linearly with the product of
their densities. This is a far slower process than GR, occurring on the timescale of nanoseconds

to milliseconds.

At lower charge carrier densities there is the additional contribution from trap-assisted recom-
bination, the theoretical description of which was devised by Shockley, Read and Hall™ Free
charge carriers may encounter an energy level that lies within the material band gap, known
as a “trap state”. If this state is sufficiently deep that the thermal energy cannot surmount
the barrier to its release, then the charge will become localised or “trapped”. If a free electron
encounters a trapped hole, or vice versa, they may annihilate one another, bringing about re-
laxation to the ground state and loss of excitation energy in the form of non-radiative decay.™
Trap-assisted recombination is the dominant energy loss mechanism in solar cells in the typical
case;® therefore, optimisation of materials in order to minimise populations of trapped charges

is essential.

Trap states can arise from defects®! which in some cases are intrinsic to the material. Otherwise,
trap states are established as a result of extrinsic defects which may be introduced intentionally
via doping or unintentionally by exposure to environmental effects or interfaces with other
materials, among many other factors.®# Hence trap states may also develop over time as a result
of degradation of devices, provoking a depletion in optoelectronic performance®>#% Materials

can thus be engineered in order to suppress their susceptibility to this evolution and therefore
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to minimise densities of trap states in an attempt to boost device performance and longevity,

which is investigated in detail in chapter 4.

1.4 Types of photovoltaic materials in this thesis

In commercially available photovoltaics composed of crystalline silicon, covalently bound lat-
tices yield rigid structures with large costs of preparation, installation and operation. High
processing temperatures are required for doping in order to induce semiconducting properties,
which further increases manufacturing properties. These criteria, together with their inferior
efficiency compared to fossil fuels, preclude solar power from fully replacing mankind’s currently

employed sources of electricity

This thesis explores a variety of photovoltaic systems which strive to surmount these obstacles,
associated by their exploitation of “soft” materials. Chapters 3 and 4 address “next-generation”
photovoltaic materials comprising organic components, either as the active material or as lig-
ands to nanocrystals. Chapter 5 examines biological systems, which can be regarded as the
upper limit of complexity in the realm of organic molecules. Nanocrystals and organic molecules
exhibit weaker interactions compared to those in conventional solar cells, in the form of ionic
bonds and Van der Waals forces, granting them their soft nature. In synthetically produced
photovoltaic materials this enables simple, low-cost processing techniques from solution, while
facile chemical structure tuning facilitates the control of optoelectronic properties®® Soft ma-
terials afford lightweight, flexible and printable films, thereby further reducing the complexity
of preparing photovoltaic devices while also granting access to curved structures with greater

potential for commercial implementation than rigid lattices s

The studied materials also bear comparable optoelectronic properties. All systems exhibit exci-
tonic character - requiring separation of charges after photon absorption - in contrast to silicon
photovoltaics which spontaneously generate free charges on excitation. Furthermore, their large
extinction coefficients establish enhanced photon absorption as well as energy transfer, due to

efficient absorption by the energy acceptor® However, discussions pertaining to nanocrystal,
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organic and biological materials naturally present some distinct traits exhibited by each sys-
tem. The subsequent sections therefore introduce the individual optoelectronic behaviours of

the materials considered in this thesis in greater detail.

1.4.1 Nanocrystals

One major factor requiring optimisation in order to maximise the efficiency of photovoltaic
devices is the absorption spectrum of the active material. Ideally materials will harness as many
photons as possible but are restricted by their band gap, F,. Photons of energies Ej, < E,
are not absorbed, while the excess energy associated with photons Ej, > E, is wasted as heat.
Therefore, materials for which the band gap can be tuned are amongst the most promising for

the future of photovoltaic devices.

Arguably the best examples of this class of material are quantum dots: colloidal semiconductor
nanocrystals (NCs) usually 1 — 10 nm in diameter. Here the NC radius is exceeded by the
exciton Bohr radius resulting in “quantum confinement”. If this condition is met, the band gap
of the material is not only determined by the exciton binding energy Ep - as is the case in bulk
materials - but is also influenced by the radius of the NC, Ry¢, as dictated by the confinement

energy term (E¢) in the equation:®®

h? 1.8¢°
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Ey = Epur + Ec + Ep = By + (1.11)

where Fy, 1 is the binding energy in the bulk material and i, is the reduced mass of the electron
and hole. The quadratic dependency of the denominator on the positive E¢ term in conjunction
with the linear tendency of the denominator on the negative E¢ term together determine that
for any given material (i.e. where FEy,; is constant), an increasing Ryc corresponds to a
decreasing F,. Hence the band gap can be modified according to the size of the quantum dot

in question, in some materials permitting up to a 1 eV tuning range.

As the exciton is also confined in all three dimensions in space, the continuum of energy levels

exhibited by a bulk inorganic semiconductor is lost and energy becomes quantised into discrete
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levels. The spacing of these levels is dependent on Ryc and hence the electronic properties of
the material can also be tuned, as established by the size of the nanocrystal. Together the power
to determine these two characteristics affords great control over the optoelectronic properties -

and thus the photovoltaic performance - of active materials when NCs are employed.

The quantum confinement effect was first suggested in 1982 by the Efros brothers and in
1988 the nomenclature “quantum dot” was coined®? By the turn of the century, commercial
production of colloidal NCs was accessible. The last decade has seen easy fabrication of NC films
such that solid-state NC solar cells have emerged and are now at the forefront of photovoltaic
research. Of these, the most thoroughly studied are quantum dot metal halide perovskite solar
cells which recently exhibited a PCE above 16 % placing them in the league of front-runners

in the hunt for novel photovoltaic materials

1.4.2 Organic semiconductors

Organic semiconductors are composed of m-conjugated carbon-based molecules, for which pho-
toconductivity was first demonstrated in 1906.*Y' Half a century later saw the first demonstration
of photoconductivity in polymers, which are often incorporated into organic photovoltaic (OPV)

materials as the electron donating, or “donor”, component due to their electronic properties.”

In organic molecules, the flexible nature of the molecular structures causes a reduced degree
of crystallinity compared to inorganic semiconductors, such that the orbitals cannot delocalise
infinitely. Instead, molecular orbitals are formed from the sharing of electron density between
p- and d-atomic orbitals across the molecule itself. This provides molecular delocalisation in
the form of conjugated m-systems across the molecule, in which the lowest energy electronic

transition is excitation of an electron from the HOMO to the LUMO.

As electrons and holes in organic semiconductors are tightly bound by the exciton binding en-
ergy, they cannot be separated unless exposed to an energetic offset which facilitates overcoming
the Coulombic attraction between them. To this end, OPV devices typically comprise a blend

of an electron-rich donor (D) component with a comparatively electron-deficient acceptor (A)
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Figure 1.6: Delocalised m-electron cloud (right) above and below molecular plane of electron-
rich benzodithiophene due to conjugation of p-orbitals (left). Lone pair orbitals on S are not
involved in conjugation.

component. In the typical case, the D and A components are selected to have LUMO-offsets
sufficient to overcome the exciton binding energy, by design. Hence the interface between D
and A domains provides an energetic driving force for the separation of the electron and hole.
The donor and acceptor are blended in a thoroughly intermixed morphology denoted a bulk
heterojunction (BHJ), in order to provide sufficient surface area between donor and acceptor
and therefore overcome the large exciton binding energies inherent to most organic materials
(e.g. 0.7 €V in P3HT compared to 15 meV for silicon) and thus allow charge separation.”® The
BHJ was a major breakthrough in OPV performance, first suggested in 1986 by Tang et al.,
and since has been widely accepted as the most efficient method by which to efficiently generate

photocurrent in organic semiconductors.2%9°

The exciton must first diffuse to the interface by random hopping through the domain. During
this process, the exciton may also recombine to restore the ground state and therefore the rate of
diffusion must outcompete that of recombination. The diffusion length is normally on the order
of 10 nm in organic materials,** therefore the blend morphology must be carefully optimised
to ensure that a sufficient population of excitons reach an interface to afford substantial device
efficiency. It follows that charge separation is most efficient in thoroughly mixed D:A blends
with small domains and a large surface area of interface. Hence there is a fine balance of D:A

blend morphology to be achieved in order to maximise the device performance.

The mechanism of photovoltaic charge generation in a representative case is shown in figure
1.7. Within the donor material, an incident photon causes excitation of an electron from the
HOMO to the LUMO, affording an exciton. The exciton remains bound as it travels through

the donor domain until it meets an interface with the acceptor material, which introduces the
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exciton to the molecular orbitals on the acceptor. Electron transfer to the lower energy acceptor
LUMO provides the energetic offset to separate the exciton and to form a CT state. Here the
two charge carriers are less tightly bound relative to the exciton and thus can dissociate into
free charges to form a charge separated state where the carriers can travel through the material
independently and give rise to photocurrent. Due to strong coupling between electrons and
phonons in organic molecules, the newly generated free charges also distort the surrounding

lattice to afford polarons.
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Figure 1.7: Schematic of exciton generation, diffusion to the donor:acceptor interface, charge
transfer state formation and charge separation in a typical organic donor:acceptor blend after
excitation by a photon.

Historically, polymers have been widely employed as the donor component although small
molecule donors are recently gaining traction in the field. The polymer that has dominated
the field over several decades is P3HT, first synthesised in 1993 and now the focus of over
a thousand publications focusing on the properties arising when it is blended with a fullerene
acceptor 2 Other prominent polymers which have gained notable attention are PFBT4T-20D7
and PBDB-T, with the latter affording impressive PCEs in a number of OPV devices, in some

cases as high as 17 %58

The ultimate electron accepting material was long considered to be a derivative of a fullerene
molecule Cg, first demonstrated to act as electron acceptors due to photoinduced charge trans-
fer from a polymer in 19922 The Cg and Cry derivatives phenyl-Cy-butyric acid methyl ester
(PCg;BM and PC71BM) received the vast majority of attention in the discussion of acceptors.
They are strongly electron-accepting and promote high electron mobility, owing to the molec-

ular orbital structure in which the LUMO is delocalised over the whole molecule®3 They also
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allow isotropic charge transport and reversible electrochemical reduction as well as yielding

favourable morphologies in blends with polymer donors 1%

Employing fullerene-based acceptors, however, grants very little freedom in chemical structural
manipulation and thus restricts the tuneability of frontier orbitals and band gaps™*™' This
limits the possibility to improve their poor absorption of visible and near-infrared light while
photooxidation processes and photoinduced aggregation afford an inherent lack of operational
stability ¥ Attempts have been made to tune the properties of donors in blends with fullerene-
based acceptors in order to combat these barriers to progress. However, the requirements of
fullerenes give such a restricted specification that transitioning to small organic molecules as

electron-accepting components in D:A blends has been the focus of recent work 103105

Non-fullerene acceptors (NFAs) typically comprise a planar, conjugated and electron-rich core
flanked by electron-withdrawing side chains to afford an A-D-A motif for promotion of charge
transport within the material. This “push-pull” effect also induces a spectral shift due to
absorption of light at longer wavelengths, owing to intramolecular charge transfer between the
electron-donating and electron-accepting parts of the molecule!®® NFAs may also exhibit a
lower band gap than that of the donor component in an OPV blend, enabling absorption of
light into the near IR region.*"” Moreover, the opportunity to manipulate the chemical structure
of a small molecule acceptor allows control of the electronic properties of the molecule and thus
grants tuneability of its absorption spectrum® The first NFA OPV device to surpass the
performance of fullerene-based blends comprised a blend of the small molecule acceptor IT-4F
with the commonly employed polymer donor, PBDB-T, in 20172% More recently, the blend of
a D-A copolymer D18 with the NFA Y6 yielded a noteworthy result by advancing the highest
recorded efficiency in an OPV system to 18 %, demarcating an exciting turning point in the

field

1.4.3 Light-harvesting in cyanobacteria

In reality, it is inaccurate to credit the first demonstration of photovoltaic technology to in-

organic materials in 1839 when the advent of harnessing photons to yield free charge carriers
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dates back 3.4 billion years. 't Photosynthetic bacteria were the first innovators to optimise the
capture of solar energy, followed by cyanobacteria 2.3 — 2.7 billion years ago with the introduc-
tion of photon capture in conjunction with synergistic oxygen production1#13 The diverse
array of pigments found in cyanobacteria grants them the capacity to absorb photons spanning
400-700 nm. 4 This, in conjunction with large pigment densities and a highly efficient charge
separation pathway, grants cyanobacteria their light-harvesting quantum efficiencies of 95 % or

more 12

The pigments and the reaction centre (RC) are organised into large pigment-protein complexes
called photosystem I (PSI) and photosystem II (PSII) in oxygenic photosynthetic cyanobacte-
ria. These complexes are transmembrane proteins embedded in the membranes of particular
organelles designated to carry out the photosynthetic process, called thylakoids ™ PSII car-
ries out the oxidation of water and simultaneous production of molecular oxygen*” This cell

structure and the processes triggered by photon absorption are shown in figure 1.8.
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Figure 1.8: Cyanobacteria, PSI and PSII embedded in a thylakoid membrane, with the photo-
synthetic mechanism illustrated.

PSIT comprises the RC, for which the primary function is charge separation - named P680
owing to its absorption maximum at 680 nm. A range of antenna pigments also reside in
PSII, which absorb specific wavelengths of light and shuttle the excitation energy into the RC.
The pigments on the 700 kDa complex include chlorophyll-a, carotenoids and phycobilisomes,
together accomplishing an absorption spectrum that spans from blue to red. ¥ The dominant
PSII absorptions are exhibited by chlorophylls at 675 nm and 420-440 nm while PSI primarily

contains P700, with an absorption maximum at 700 nm
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The photosynthetic process begins on formation of an excited state on P680, denoted P680*.
This can occur either by absorption of a photon by P680 itself, or absorption within an antenna
pigment followed by energy transfer to P680. Subsequent charge separation generates a pair of
charge carriers - a hole and an electron. The hole is filled by extraction of an electron during
water splitting by the water oxidation complex (WOC), simultaneously producing Os. The
WOC cycle generates four electrons and four holes to afford one molecule of diatomic oxygen,
by splitting two water molecules™ This process occurs at a turnover frequency of 1000 s in
vivor*) Meanwhile, the free electron navigates through a cascade of redox processes optimised
to mediate the transfer of the electron from PSII to PSI, known as the electron transport
chain. The electron is first accepted by plastoquinone (PQ), then passed to enzyme cytochrome
bef (Cyt bgf) before being accepted by plastocyanin (PC) and finally reduced PC passes the
electron to P700 in PSI. Further absorption of a red photon by PSI excites the electron to a
higher electronic energy level, constituting PSI*. The excited PSI is then able to donate the
electron to nicotinamide adenine dinucleotide phosphate (NADP™) to generate NADPH, which
is the reducing agent consumed in the process of fixing CO, to form glucose. This mechanism
thereby stores solar energy as chemical energy in carbohydrate bonds, providing energy for the

cyanobacteria’s cellular processes 4!

Biophotovoltaic devices

Due to the energy crisis and the infinite supply of solar energy relative to the timeframes
of human consumption, there is enormous motivation to mimic the biological mechanisms of
harnessing photons for the generation electrical energy*® As described above, electrons ex-
tracted from water splitting in natural photosynthesis are used to reduce carbon in CO, and
store energy in chemical bonds in biomass. Although the quantum efficiency of light-harvesting
nears unity, the efficiency of biomass production is under 1 % and has a theoretical maximum
efficiency of only 4.5 %% However, the efficiency of the preceding water splitting step has a
theoretical maximum efficiency of 70 %*#* The most promising route for mimicking the pho-
tosynthetic apparatus for solar energy harvesting - in terms of absolute efficiency - therefore

lies in the direct coupling of photosynthetic water splitting to electrical energy production, as
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opposed to the storage of energy in biomass. To this end, oxygenic photosynthetic microorgan-
isms have sparked interest in the field of renewable energy generation due to their ability to
transfer electrons extracted by water splitting into external materials, in a phenomenon termed

exoelectrogenesis 242 147

Biophotovoltaic devices (BPVs) take advantage of exoelectrogenesis and can be considered to be
“living solar cells” 128 BPVs, of which the first was described over forty years ago** specifically
use only water and light to generate electrical current, in contrast to microbial fuel cells which
are powered by an organic fuel* Such devices employ the natural photosynthetic machinery
to induce water splitting, extracting electrons that are subsequently transferred to an anode via
direct and/or mediated indirect electron transfer. By connection of the anode to an external
circuit, the electrons are passed to the cathode. Meanwhile, the oxygen that is oxidised at the
anode diffuses across to the cathode where it is reduced in the counter reaction to form water,
which in turn diffuses to the anode. The potential difference across the electrodes gives rise to

electrical current. 4!

Historically, BPVs comprised a dual-chamber system where the electrochemical cell was divided
by a partially permeable membrane. This ensured the separation of the components within the
electrolyte to ensure their activity at the correct electrodes 32132 However, degradation and
clogging of the membrane over long operation periods, as well as an increased device resistance,
caused suboptimal device performances.'¥ It has recently been argued that cells are sufficiently
strongly immobilised onto the anode that they will not come into contact with the cathode,

135

negating the need for two separate chambers.*2? Hence, in recent years, single chamber systems

are the most popular configuration for electrochemical implementation of BPVs.

Either a two- or three-electrode system may be employed. In a two-electrode system, a po-
tentiostat connected across the electrodes applies a bias potential and simultaneously detects
current across the circuit. The measured power output is a commonly reported metric by
which BPV performances are compared**® The two-electrode system has been successful in
many electrochemical experiments with diverse biological applications, from BPVs employing

the green algae Chlorella to investigating the role of photosystems in power output. #7139 [n a
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three-electrode system, the addition of a reference electrode (typically composed of Ag/AgCl)
facilitates precise control of the potential at the anode** Therefore, the three-electrode system
is the most prominent approach for probing the redox processes at the electrodes with precise

141

quantitative measures. Regardless, in the case of either a two- or three-electrode system,

platinum is most frequently used as the counter electrode to promote the cathodic reduction of

oXygen. 1421144

The anode material has seen enormous development for the optimisation of BPV performance
over the last four decades. The key design principles require the anode to exhibit strong
electrical conductivity, electrochemical stability, optical transparency and biocompatibility, as
well as being a suitable material for the adsorption of microorganisms*3? First generation
electrodes composed of platinum and tin oxide originated in 1979 which possessed most of the
necessary properties. Nonetheless, their flat surface topologies gave rise to poor and inconsistent

cell loading, which in turn led to unimpressive photocurrent densities.

Second generation electrodes were established in order to introduce surface roughness for en-
hanced cell immobilisation yields. They were composed of nano- and micro-structured carbon
fibre with impressive surface areas which also offered the benefits of conductivity, robustness
and low cost.**? However, their opaqueness meant that microorganisms embedded within the
microstructure were poorly illuminated due to the lack of light penetration through the an-
ode material. Moreover, chemical tuning of the surface was required in order to combat its

hydrophobicity such that they could be biocompatible 3"

Lessons from the preceding generations of anode materials led to the design of state-of-the-art
third generation electrodes, exhibiting porous 3D structures composed of inverse opal-indium
tin oxide (IO-ITO) which outperformed carbon-based electrodes** They offered improved
electrical conductivity and transparency, while the high cell loading afforded by large surface
areas in second generation materials was preserved due to the 3D microstructure*? Adhesion
of cells was enhanced both by their nanoscale roughness and also by employing a more suit-
able hydrophilic material in order to counter the intrinsic lack of biocompatibility of carbon

electrodes. Furthermore, IO-ITO anodes present the possibility for adaptation of the structure
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for different applications.!4® Pore dimensions could be tuned according to microorganism sizes
and also to promote light transmission. In the last decade, ITO and fluorine-doped tin oxide

(FTO) have become the benchmark anode material 129137147148

The last twenty years have seen emerging interest in employing whole living microorganisms as

the active photosynthetic material in BPVs™#150 Among these, cyanobacteria are the most
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commonly employed, either as pure cultures’® or as environmental samples. They are

9 and are considered to

readily available, have well understood spectroscopic characteristics™
be the “future workhorses in photobiotechnology” 1?2 To prepare a BPV device, cyanobacte-
ria cells are immobilised onto an electrically conductive anode by direct dropcasting and are

subsequently allowed to dry in order to mature into a biofilm before electrochemical use ¢

The highest-performing cyanobacteria BPV was reported by Kaushik et al. in 2017 to have a
power density of 610 mW m™ using the Synechococcus cyanobacteria strain in a three-electrode
system. 2" In the same year a similar result of 600 mW m™ was obtained for the green algal
species Chlamydomonas by Longatte et al. in a three-electrode system.®® The record pho-
tocurrent density for a two-electrode system was reported to be 538 mW m™ by Saar et al. in

134 However, it has been

2018 by employing genetically modified Synechocystis cyanobacteria.
calculated by McCormick et al. that power densities up to 7.7 W m2 could be achieved if these

devices are further optimised and therefore the enhancement of BPVs poses a worthy focus of

investigation .t

While a variety of different cyanobacteria species have been applied, the most prominent is Syne-

144}/155},/160,/161 This Cyanobac—

chocystis sp. PCC6803 (hereafter referred to as Synechocystis).
terium is a single-celled microorganism of 1.6 um diameter which has repeatedly been a model
organism in the research of photosynthesis*#" Although its power densities are currently sur-
passed by analogous systems employing other strains, its well-understood energetics and its

availability for facile genetic manipulation grant Synechocystis its position as favourite in the

field 102

As well as sessile microorganisms, several studies have employed representative systems for

4

BPVs. Thylakoid membranes 137153 chloroplastst®® and photosystems*#* can be isolated and
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immobilised onto anodes for generation of electrical current L6108 Mesoporous IO-ITO architec-
tures were especially designed with correct roughness for isolated photosystems, which afforded
a 1600-fold improvement in biocatalyst loading and a consequent thousand-fold enhancement
of power density compared to flat electrodes*®” However, isolated complexes are markedly
less stable than complete cells due to their lack of exposure to their native environment. Un-
like in wvivo cells, they cannot self-repair and therefore exhibit device lifetimes of minutes to
hours,™ while BPVs implementing whole microorganisms survive for several days.™® Aside
from isolated photosystems, a number of artificial derivatives inspired by the photosynthetic
water oxidation catalyst have been investigated as photocatalysts for water splitting including

163)[169)

iridium,"” manganese, ™ cobalt} 172

those based on ruthenium), and nickel *™® However,
the remarkably lower cost of employing natural microorganisms, as well as their ability to self-
repair, maintains the ever-growing interest in the application of complete-cell microorganisms

for BPVs.

The field of BPVs stands at an exciting time with perpetual advances in their performance.
However, their study very much remains in its preliminary stages and lacks crucial areas of
fundamental understanding which present integral challenges. Importantly, the transfer of
electrons between the photosystems and the electrode is poorly understood and the discussion
around disentangling this complex process is ambiguous™*#? The field itself and the nature of
reporting results lacks standardisation, obscuring the monitoring and continuation of progress.
Studies report varying units of current output and power density. Some neglect the essential
considerations of illumination intensity and wavelength, BPV surface area, cell culture and load-
ing conditions as well as experimental conditions such as temperature, pH and buffer conditions
of the electrolyte®" The application of a two-electrode system means that the potential at
the anode cannot be precisely controlled, giving rise to doubt pertaining to the electrochemical
parameters. Strong cell-electrode interactions are also crucial, which require meticulously con-
trolled environmental conditions for culture growth and sample preparation, which are likely to
vary from lab to lab. Altogether, the comparison between different architectures, experimental

and preparation conditions is not always straight forward.

Normalisation of cell loading and activity is a further factor that varies across the field. In
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cyanobacteria studies, BPV efficiency is typically normalised according to total content of
chlorophyll-a pigments, which carry out the majority of light absorption 22*1™ However, chloro-
phyll content is known to vary dramatically with the microorganism’s environment and hence
this metric does not necessarily quantify the active pigment content during operation with any
accuracy Y Some studies normalise power outputs according to cell loading biomass which
introduces further uncertainties in the comparison of efficiencies. Other abiotic factors may
also respond to the environment during experiment, such as sample heating or decomposition
as a consequence of light irradiation*?? Overall, these elements give rise to results which are
not only difficult to compare from study to study, but also difficult to accurately report for
a single experiment. The field of BPVs thus requires extensive optimisation, standardisation
and development in order to gain clarity on factors that influence device efficiencies, in order
to enhance performance such that these exciting devices could be considered industrially appli-
cable. In chapter 5, spectroscopic and spectroelectrochemical characterisation techniques are

employed in order to explore the behaviours of cyanobacteria cells incorporated into BPVs.

Ultrafast processes in photosynthesis

As mentioned in the previous section, the absorption of light in cyanobacteria is carried out
either in the RC or in pigments which shuttle the excitation energy into the RC for the sub-
sequent charge separation (CS) step. The light absorption takes place on the femtosecond
timescale, but the excitons have lifetimes of only a few nanoseconds. Energy transfer towards
the RC must therefore be both ultrafast and irreversible. Typically, the conversion of solar
energy into electrochemical energy occurs within a few tens of picoseconds with efficiency near-
ing unity*”® There therefore exist compelling resolutions to the energy crisis concealed within
the photosynthetic machinery, which could grant mankind a pathway to efficient and abundant

renewable sources.

Several studies have revealed that the RC structure is crucial to the efficiency of photosynthesis,
by means of enhancing the yield of photon absorption, the rate of energy transfer and the

efficiency of CS. 1 Emerson and Arnold first proposed the concept of a photosynthetic RC
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in 19321 Later Duysens demonstrated experimentally that most chlorophyll molecules in the
PSII structure act as pigments to absorb solar photons and then transfer energy to a “special
pair” of chlorophylls*#¥ The PSII RC structure, shown in figure 1.9, has been confirmed by

181152 Chlorophyll pigments are arranged

x-ray crystallographic studies with atomic resolution.
amongst two branches, denoted D; and Dy, which are linked at the two central special pair
chlorophylls. The special pair chlorophylls leading to the D; and Dy branches are labelled Pp;
and Pps respectively. They are each connected to another chlorophyll molecule denoted Chlp,,
which binds a pheophytin molecule Phep, (where n=1,2 depending on the branch)*® The RC

can absorb light directly or receive it via energy transfer from the antenna pigments. &3

Due to the close-packed nature of the chromophores, absorption of photons results in the forma-
tion of Frenkel excitons which can be delocalised over multiple pigments 22412 Excitons on the
RC have been shown to relax to the lowest-lying excited state in a few hundred femtoseconds,
from which a CT state is formed by the localisation of an electron and hole on separate pigment
molecules**® The final fully separated state, Pp; Phep;”, forms within a few tens of picosec-
onds hence kinetically outcompeting back-transfer from the CT state. The precise mechanism

187

by which this CS occurs has been investigated extensively where the removal **7 replacement*®®

189 of pigments and nearby protein complexes allows targeted assignment of spectral

or mutation
signatures. Experimental results measured by Romero et al. in 2010 indicated the activity of
two distinct charge transfer pathways in a finding that was corroborated by theoretical studies,

which are also illustrated in figure 1.922%19%

The CT and CS pathways were historically assumed to occur by random incoherent hopping
from site to site, as is exhibited in organic semiconductors*® However, recent development
of two-dimensional electronic spectroscopy** has facilitated the direct interrogation of the dy-
namic electronic structure of photosynthetic complexes ™19 Application of this technique
unveils coherent effects, where direct coupling of states that are delocalised over multiple pig-
ments allows the electronic excitation to sample multiple states simultaneouslyt® A consid-
erable number of studies have suggested that electronic and vibronic (electronic-vibrational)
97202 Ty,

coherences contribute to CS in a vast array of biological light-harvesting complexes.

2007 Engel et al. first found evidence of coherent effects in the Fenna-Matthews-Olson complex
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Photon absorption or energy
shuttled from antenna pigments

Chlp, pathway

Figure 1.9: The structure of the PSII reaction centre annotated with the two charge separation
pathways. Red, purple and orange (blue, teal and green) pigments represent the special pair
chlorophyll, branched chlorophyll and pheophytin molecules respectively on branch D; (Ds).

that shuttles energy from pigments to the RC in bacteria) at cryogenic temperature.2%3 Later
( gy pig yog p

in 2010 Panitchayangkoon et al. detected the same coherences at room temperature2%? Similar

works have established evidence of coherences in other photosynthetic systems83 polymers?®
and J-aggregates 209 Electronic?? and vibronic?®210 coherences have also been discovered
within the bacterial RC and more recently within the PSIT RC2 These have been demon-
strated to persist for at least a picosecond at physiological as well as cryogenic temperatures 212
In the PSIT RC, the dominant vibronic coherence on the first excited state has been suggested
to promote energy and electron transfer between states involved in CS and thus enable ultrafast

and efficient separation.t™
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Spectroscopic data may contain evidence of coherent effects in the form of periodic modula-
tions of the signal, which should exhibit frequencies resonant with the difference frequency
between relevant delocalised excited states?’® Most materials typically exhibit coherent effects
to some extent but the complexity of biological systems demands the application of coher-
ent spectroscopy in order to extract information about excited state populations. Ultrafast
photophysical processes and state delocalisation establish intricate relationships between the
densely-packed pigments. It is thus necessary to generate defined phase relations between the
excited state wavefunctions in order to probe their dynamic behaviours, by employing coherent
spectroscopic techniques*® Chapter 5 demonstrates the application of coherent excitation of
cyanobacteria in vivo for the elucidation of sub-picosecond dynamics within the PSIT RC and

also for the exploration of the vibrational manifold on the excited state.

1.5 Outline of this thesis

This thesis examines the photophysical behaviours exhibited by various types of photovoltaic
materials in an effort to understand and enhance the optoelectronic performance and opera-
tional stability of next-generation devices. While the investigated systems span from organic
to inorganic semiconductors and even to in vivo photosynthetic microorganisms, the common
theme is that time-resolved spectroscopic techniques are implemented in order to interrogate
the relevant photoinduced processes. These techniques allow the direct photoexcitation of the
studied material to an excited state of interest and the subsequent characterisation of the
excited state as it evolves over time. In doing so, time-resolved spectroscopy facilitates the
observation of the fate of excitation energy and hence provides fundamental understanding of

the nature and mechanisms of the photovoltaic process within the material.
The chapters can be summarised according to the following breakdown:

Chapter 2 addresses the experimental details of the spectroscopic techniques that have been
developed and employed for the work presented in this thesis. This section describes sample

preparation, steady-state absorption and photoluminescence spectroscopy, incident photon-to-
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electron conversion efficiency (IPCE), time-correlated single photon counting (TCSPC) and
transient absorption spectroscopy setups with both ~100 fs pump pulses and sub-10 fs pump

pulses.

Chapter 3 investigates the effects of structural tuning on small organic molecules for OPV
applications. Two chemical modifications are studied. The first study explores the effects of
a l-carbon displacement of an alkyl chain substituent, which manifests a stark contrast in n-
stacking and thus blend morphology, manifesting considerable consequences on OPV device
performance. The second study investigates the outcome of altering the molecular position
of a selenium substitution on a commonly employed NFA. In both cases, transient absorption
spectroscopy is implemented to investigate the charge separation and transport dynamics within

the OPV material.

Chapter 4 considers the intrinsic stability of photovoltaic devices under operational conditions.
In the first study, a small molecule donor DRCN5T is blended with a fullerene acceptor to afford
a device that has been reported to exhibit impressive stability, uncharacteristic of fullerene-
containing OPVs. Transient absorption spectroscopy is applied to interrogate the photoinduced
mechanisms that grant this blend its longevity, revealing that this unique system has access to
unprecedented photoprotective mechanisms. The second study examines a set of lead-free NC
solar cells with different hole- and electron-transporting layers, which have been reported to
exhibit dramatically different operational stabilities. Transient absorption spectroscopy is used

to quantify charge trapping lifetimes in order to rationalise these device performance trends.

Chapter 5 explores photosynthetic systems, namely isolated PSII and cyanobacterial microor-
ganisms in vivo. IPCE and TCSPC measurements are employed to characterise the behaviours
of the systems in BPVs. Transient absorption spectroscopy is implemented to investigate
the ultrafast photophysical mechanisms of cyanobacteria in vivo, both on the picosecond to

nanosecond timescale and also on the sub-picosecond timescale.

Chapter 6 presents the key conclusions of this work and suggestions for the future outlook of

the field of next-generation photovoltaic materials.



Chapter 2

Experimental Details

2.1 Sample fabrication

2.1.1 Film fabrication

The films studied in chapter 3.3.1 were prepared by Dr Deping Qian (Imperial College Lon-
don). PC7;BM blend films were prepared from solutions of 10 mg mL™ concentration in chlo-
roform. PBDB-T blend films were prepared from solutions of 10 mg mL™ concentration in
a mixed solvent (dichlorobenzene:chlorobenzene=1:1, v/v). Films of neat materials were pre-
pared from solutions of 10 mg mL™! concentration in cholorobenzene or chloroform. Solutions
were spin-coated onto clean glass substrates at 2000 rpm for 30 s to achieve a film thickness of

approximately 100 nm =4

The films studied in chapter 3.3.2 were prepared by Chiara Labanti (Imperial College London).
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)indanone))- 4,4,9,9-tetrakis(3-((2-ethylhexyl)oxy)-
phenyl)-diseleno[2,3-d:2,3-d]-s-indaceno[1,2-b:5,6-b]dithiophene (Seln) and 3,9-bis(2-methylene-
(3-(1,1- dicyanomethylene)indanone))-4,4,9,9-tetrakis(3-((2-ethylhexyl)-oxy)phenyl)dithieno[2,3-
d:2,3-d]-s-indaceno|1,2-b:5,6-b]-diselenophene (SeOut) molecules were synthesised by the group
of Prof. Yun-Hi Kim (Gyeongsang National University). PBDB-T was used as received com-

mercially from Sigma-Aldrich. Neat films and blend films (donor:acceptor=1:1, w/w) were

36
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prepared from 20 mg mL" solutions in chlorobenzene and 0.5 % 1,8-diiodooctane additive.
The solutions were stirred at 60 °C overnight and filtered through 0.45 pm polytetrafiuoroethy-
lene filters. Neat solutions and blends were spin-coated onto clean glass substrates to achieve

film thicknesses of 40-80 nm 2

The films studied in chapter 4.3.1 were prepared by Dr Andreas Weu (Heidelberg University).
DRCNST and PC7oBM were used as received commercially from Ossila and Solenne. Thin
films of blends were prepared from solutions in chloroform (donor:acceptor=15:12.5 mg mL™!).
Solutions were spin-coated onto clean glass substrates and annealed for 30 min at 200 °C to

obtain a film thickness of approximately 100 nm %

The AgBiS, films studied in chapter 4.3.2 were prepared by Dr David Becker-Koch (University

of Dresden).*1¢

2.1.2 Optoelectronic device fabrication

The devices studied in chapter 4.3.2 were prepared by Dr David Becker-Koch (University of
Dresden). ITO-coated glass was sonicated in isopropanol and acetone and treated with oxygen
plasma (100 W, 0.4 mbar, 10 min). ZnO sol-gel was prepared in air by dissolving 0.46 mol L
zinc acetate and 0.46 mol L! ethanolamine in 2-methoxyethanol and the solution was stirred at
70 °C for 2 h. ZnO sol-gel was spin-coated in air at 2000 rpm for 60 s and annealed at 300 °C for
30 min. Nanoparticle ZnO was spin-coated in air from 60 mg mL™" solution at 3000 rpm for 30
s and annealed at 200 °C for 10 min. AgBiS,-TMAI nanocrystals were fabricated as described
by Bernechea et al. to afford 30-35 nm films on top of electron transport layers.*” Organic
hole transport layers were fabricated in an inert nitrogen environment. PTB7 films were spin-
coated on top of nanocrystal layers from 5 mg mL™" solution in anhydrous dichlorobenzene at
2000 rpm for 60 s. Doped PTAA was fabricated by mixing 6 mg mL™' PTAA in anhydrous
chlorobenzene with 3 mg mL™?' CgyF,s in anhydrous chlorobenzene. Doped PTAA films were
spin-coated onto nanocrystal layers at 6000 rpm for 30 s and annealed at 100 °C for 10 min. A
3 nm MoOj layer was deposited by thermal evaporation in the case of PTB7 devices, and the

silver electrode was evaporated for all devices.219
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2.1.3 Cyanobacteria suspension sample preparation

Wild type Synechocystis sp. PCC6803 cultures were prepared by Dr Laura Wey (University
of Cambridge) and dispersed in solution buffered at pH 6.5. MES buffer was prepared by
dissolution of KCI (50 mM, Sigma-Aldrich), CaCly (15 mM, Sigma-Aldrich), MgCl, (15 mM,
Sigma-Aldrich) and 2-ethanesulfonic acid (MES, 40 mM, Sigma-Aldrich) in distilled water.

2.1.4 Biophotovoltaic devices

Planktonic cells of Synechocystis sp. PCC. 6803 (Synechocystis, 2 pm diameter) were used
as provided by Dr Jenny Zhang (University of Cambridge). ITO-coated glass substrates were
cleaned in an ultrasonic bath in a sequence of water, acetone and isopropanol and then air-dried.
For in wvivo cyanobacteria devices, a 4 uli suspension of Synechocystis was dropcast onto the
clean substrates. For PSII devices, 2 ul of isolated PSII pigment-protein complexes (provided
by Dr Jenny Zhang) were dropcast onto mesoporous I0-ITO electrodes. The droplets were
covered for protection against fibres and airborne particles and allowed to mature into a film in
the dark at room temperature for approximately 30 mins. For device measurements, electronic

connections were made with adherence of conductive Ag tape to the ITO layer.

2.2 Steady-state measurements

2.2.1 Ultraviolet-visible absorption spectroscopy

The illumination of a material results in the incident light being absorbed, reflected or trans-
mitted. In the steady state, light may only be absorbed by the material if it is resonant with an
allowed electronic transition from the ground state (GS) to a higher-lying excited state (ES).
Therefore, the particular wavelengths of ultraviolet (UV) and visible light that are absorbed
by a material provide a fingerprint of the electronic transitions accessible to the GS. In the

photovoltaic materials discussed in this thesis, the prominent transition from the GS to the
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lowest-lying ES lies in the UV-visible range. The spectrum of absorption amplitude as a func-
tion of wavelength in the UV-visible (UV-vis) range is therefore valuable in characterising the

electronic structure of the material.

The absorption amplitude at a given wavelength, A()\), is measured by detecting the intensity
of transmitted light, I()), through a sample and contrasting this value with the intensity of
the incident beam, Io(\). The ratio is logarithmically related to absorption A(X) according to

the equation:
I(A)
Io(N)

A(X) can also be expressed in terms of the molar extinction coefficient, €(\), the concentration

of absorptive species, ¢, and the optical path length [ according to the Beer-Lambert Law 218

AN = e(M)el (2.2)

Light
source
Diffraction < Sample
grating

Figure 2.1: Schematic for a typical absorption spectrophotometer.

Figure 2.1 is a schematic diagram of a typical UV-visible spectrophotometer setup. White light
from a continuous wave Xe lamp is passed through a diffraction grating and a slit in order to
generate monochromatic light. Varying the position of the slit relative to the diffracted beam
alters the wavelength of incident light I5(\) which is scanned during the experiment. The

intensity of transmitted light, (), at each wavelength is detected.

Absorption spectra in this thesis were measured under ambient conditions with a spectropho-
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tometer, (Cary 60 UV-Vis spectrophotometer, Agilent). Film samples were measured on glass
substrates and solution measurements were carried out in quartz cuvettes of 10 mm path
length. Corrections to the baseline of the spectra were carried out by subtracting the absorp-
tion spectrum of either the pristine substrate (in film samples) or pure solvent (in solution

measurements).

2.2.2 Photoluminesence spectroscopy

There are several potential fates for a photon that is absorbed by a photovoltaic material, one
of which is its spontaneous emission and the concomitant relaxation of the material to the GS.
Kasha’s rule states that the rate of internal conversion from high-lying electronic energy levels
to the lowest-lying ES (S;) is significantly greater than the rate of spontaneous emission.t? Tt
follows that significant spontaneous emission occurs only from S;. In photoluminescence (PL)
spectroscopy, the intensity of this emission as a function of emission wavelength is measured

for a given excitation wavelength.

Figure 2.2 shows a schematic diagram of a typical PL spectrometer. White light from a continu-
ous wave Xe lamp passes through a diffraction grating and a slit in order to generate monochro-
matic excitation light. The light impinges on the sample and may give rise to emission which
is passed through a second monochromator before detection. In typical PL measurements, a
monochromatic excitation is used, with the detection wavelength scanned across a desired range
to generate a spectrum of PL intensity as a function of emission wavelength. In synchronous
PL measurements, the excitation wavelength is also scanned in order to generate a matrix of

PL intensity as a function of both emission and excitation wavelengths.

All PL measurements presented in this thesis were carried out under ambient conditions using
a commercial spectrometer. Measurements of film samples were carried out on glass substrates
in a front-facing 90 ° geometry with a Fluorolog-3 spectrofluorometer (FL 3-22, HORIBA Jobin
Yvon). A Cary Eclipse fluorescence spectrophotometer (Agilent) was used for PL detection of

samples in solution, which were measured inside a 10 mm quartz cuvette.
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Figure 2.2: Schematic diagram of a photoluminescence spectrometer.

2.2.3 Incident photon-to-electron conversion efficiency

In photovoltaic systems, the absorption of light may result in the dissociation of free charges.

When incorporated into an electrical circuit, a photovoltaic material can thus generate pho-

tocurrent, which can be detected. It is useful to measure the amplitude of photocurrent as a

function of wavelength in the visible range, to determine the material’s applicability to solar

technology, as well as to better understand the relevant photoconversion mechanisms.

Lock-in
amplifier
Working
electrode
~J
Diffraction
. grating [ Counter
Light g electrode
source v

Figure 2.3: Schematic diagram of IPCE setup. e~ =electrons in electrolyte solution.
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An experimental incident photon-to-electron conversion efficiency (IPCE) setup was built with
the help of Nathaniel Gallop and Ziyuan Ge (Imperial College London). A custom programme

for collecting data was written by Nathaniel Gallop and Ziyuan Ge using LabVIEW.

White light from a 75 W Xe lamp was passed through a diffraction grating, a 10 nm slit
and a 400 nm long pass filter in order to generate monochromatic visible light. An optical
chopper modulated the light. The light illuminated a working electrode, the preparation of
which is discussed in section 2.1.4. The working electrode and a platinum counter electrode
were submerged in electrolyte (1 mM dichlorobenzoquinone in BG-11 freshwater cyanobacterial
solution, Sigma-Aldrich). A lock-in amplifier (MFLI, Zurich Instruments AG) was used to
detect photocurrent by connection to the working electrode and also to apply voltage to the
circuit by connection to the counter electrode. Data of photocurrent as a function of wavelength

were collected using LabVIEW.

The IPCE value is equal to the ratio of number of electrons in the circuit (Ne) to the number
of incident photons per unit time (N;). It can be calculated from the raw photocurrent data

according to the equation:?+

1240 % J,o(\
_ 12403 TN g (2.3)

N,
IPCE(\) = —=
CEQX) N, A X P,

where Jgc is the short-circuit photocurrent density (mA cm™) resulting from monochromatic
light of wavelength A (nm) and of power P;, (mW cm™?). A custom programme was created in

MATLAB for the processing of raw photocurrent data and conversion to IPCE values.

A very involved optimisation process of the IPCE setup was required in order to detect nanoamp
photocurrents of cyanobacteria cells as are presented in section 5.3.1. Such current amplitudes
are comparable to electronic background signals and therefore direct observation of photocur-
rent was often problematic due to convolution of the experimental signal with background noise.
First the lock-in amplifier was implemented in order to isolate the photoinduced electronic sig-
nals. The LabVIEW code was written to allow automated measurement of repeat scans over

long time periods to improve the signal-to-noise ratio, where the previously existing setup was
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manually controlled. Finally, the addition of a Faraday cage to isolate the electrochemical cell
allowed further exclusion of external electromagnetic radiation to reduce the background noise.
The resolution of the setup was improved from the pA level to be able to detect picoamps when

operating at its optimum parameters.

The setup was then further optimised with photoanodes comprising well-characterised BiVOy.
Photoanodes were prepared by spin-coating BiVO, onto conductive FTO coated glass by Zhu
Meng (Imperial College). The resultant photocurrent spectra are presented in figure 2.4 for
three different time constants for data collection, all measured with +0.5 V of applied bias.
Comparison of the spectral shape to previous studies confirmed that the experimental setup
was well-calibrated *?¥ The baseline noise level was observed to decrease from large spikes of
approximately 10 % of the peak signal amplitude with a 100 ms time constant (figure 2.4a),
to negligible noise with a 2 s time constant (figure 2.4c). However, the added measurement
time caused by using a long time constant caused gradual depletion of the signal due to sample
degradation under external bias. It was therefore concluded that a compromising 200 ms
time constant (figure 2.4b) allowed sufficient signal averaging to minimise baseline noise while
simultaneously keeping the measurement time short enough that photocurrent suppression was

not observed.

All of the spectra presented in figure 2.4 were measured using a 400 nm long-pass filter (LPF)
after the diffraction grating in order to eliminate contributions from higher-order harmonics
of the fundamental beam. However, figure 2.4d reveals that all spectra showed photocurrent
signals between 700 nm and 800 nm, which are not characteristic of BiVO, according to prior
reports. Repeat measurements were therefore carried out using a variety of filters in order to
establish the origin of the low-energy signal. It was found that a 600 nm LPF eliminated this
signal, indicating that the photocurrent detected in the 700-800 nm range actually originated
from photons at 400-600 nm. Although the beam at 750 nm is theoretically monochromatic,
scattering of intense higher energy photons at the diffraction grating can allow minor popu-
lations of photons of undesired energies to pass through the slit. Wavelengths above 700 nm
were therefore demonstrated to be energetically ambiguous despite the use of a monochromator.

Resolution of this issue could be achieved by employing various filters, adjusted according to
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the desired wavelength. However, this would negate the objective of automating the measure-
ment. It was therefore determined that experiments would be carried out only in the 400-700

nm range as to not include contributions to the signal from photons of an unknown energy.
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Figure 2.4: Photocurrent spectra collected in the optimisation process of the IPCE setup for
BiVO, using +0.5 V of applied bias and a 100 ms (a), 200 ms (b) or 2 s (c) time constant. d):
Normalised photocurrent spectra for all time constants plotted on a log scale y-axis in order to
emphasise the small signal at 700-800 nm.

2.3 Time-resolved spectroscopy

2.3.1 Basic principles

Transient absorption (TA) spectroscopy is a form of time-resolved spectroscopy that can be
employed to study the dynamics and mechanisms of photoinduced processes in semiconducting

materials. The most fundamental subcategory of this experiment is the pump-probe measure-
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ment, comprising two pulses of incident light. First a pump pulse creates a population of ESs
within the material. The probe pulse follows and measures the absorption spectrum of the
ESs in the sample, analogous to steady-state absorption spectroscopy. The probes discussed in
this thesis all refer to broadband pulses and span either the visible region or the near-infrared
region. The time delay between the pump and probe pulses is scanned throughout the exper-
iment by mechanically varying the path length of the probe pulse with a delay stage. The
ES absorption spectrum is thus measured for each of a range of timepoints after the pump.
Hence by stitching together these spectra to generate a time-dependent absorption spectrum,
it is possible to observe the evolution of photoexcited states as a function of time. At each
timepoint, a spectrum is measured both with and without the pump in order to generate a
difference spectrum depicting the difference in optical density, OD, as a consequence of excita-
tion. This is achieved by employing an optical chopper operating at a frequency of 0.5x the
repetition rate of the laser in order to block every other pump pulse. The resulting dataset is

a matrix of OD as a function of both time and probe wavelength.

2.3.2 Experimental setup for 100 fs time resolution

Figure 2.5 shows the TA experimental setup used for all measurements. A Ti:Sapphire regen-
erative amplifier (Spectra Physics Solstice, Newport Corporation) pumps seed pulses (800 nm,
<200 fs, 1 kHz) to an optical parametric amplifier (TOPAS, Light Conversion) coupled to a
frequency mixer (NIRUVis, Light Conversion) to generate tuneable wavelength pump pulses.
Seed pulses are also directed to a mechanical delay stage before being focussed into a crystal
(Sapphire for visible probe and YAG for NIR probe) to generate a broadband probe. The probe
is split into a signal beam, which continues onto the sample, and a reference beam which is
directed into an optical fibre (OF) coupled sensor (a charge-coupled device for visible detection
and InGaAs for NIR detection). The pump (modulated at 500 Hz) and the probe signal beam
are focussed onto the same spot on the sample. The sample is contained in a nitrogen-purged
cuvette for measurements. After transmitting through the sample, the probe signal is directed

to a second OF coupled sensor. The signal spectrum is corrected for fluctuations in the data by
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subtraction of shot-to-shot noise according to the reference probe beam. The spectrum is also
averaged over several repeated scans for an improved signal-to-noise ratio. Transient spectra
are processed using functions built into the software SurfaceXplorer, including chirp correction

and the subtraction of scattered pump light and background noise.

s 800 nm

s Pump

Il Probe

Probe reference beam

Figure 2.5: Schematic diagram of a TAS experimental setup. BS=beam splitter. OPA=optical
parametric amplifier. DS=delay stage. FL=focussing lens. BG=broadband generation.
NDF=neutral density filter. OF= optical fibre.

2.3.3 Interpretation of spectra

The transmittance of the probe pulse through a sample is measured with and without pump
excitation in order to extract a difference in transmittance as a result of pump excitation.
For each datapoint there are therefore three light intensities to consider: the intensity of the
incident beam, Iy, the intensity of the beam transmitted through a pump-off sample, I;, and
the intensity of the beam transmitted through a pump-on sample, I,. According to equation

2.1’s definition of T in terms of absorbance, the change in optical density can be expressed in
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terms of the relevant beam intensities:

I 1
AOD = 0Dy — 0Dy = —log—2 — —log—1 = —log— (2.4)
I Io I
This equation can be rearranged and approximated due to the difference in light intensity being

relatively small, thus arriving at the equation:

I, — I 1 Al 1 Al

AOD = —log(1 + 7 J)=——=xn(l4+—)~ —— x — (2.5)
1

This therefore gives a direct proportionality between OD and the difference in light intensity
before and after the pump excited sample, Iy — I, or Al. As given in equation 2.2, this can
also be expressed in terms of the concentration of absorptive species within the sample. As
such, it is possible to extract the relative populations of photoexcited states within a material
by measuring the amplitude, AOD, of TA signals. Hence, the decay and growth timescales
of TA signals directly reveal the lifetimes of photophysical processes within the sample and,
in semiconducting materials, can thus represent the timescales of charge transfer and charge

separation, amongst other processes.

The wavelength, amplitude and shape of the fundamental signals detected in a TA measurement
will invariably depend on the material studied. However, the typical features can be summarised

into three classes, depicted in figure 2.6.%4*

e Ground state bleach (GSB): the absorption of pump photons by the ground state excites the
system to the first excited state S; and depletes the population of ground state species within
the sample. Thus, a GSB signal gives a negative AOD feature which reflects the steady-state

absorption spectrum of the material.

e Stimulated emission (SE): a photon from the probe pulse induces the emission of a photon
from the excited state S;, which is only notably populated following pump-induced excitation.
As the emission causes a greater number of photons to impinge on the detector, SE therefore
manifests as a negative AOD signal. Its shape typically follows the steady-state PL spectrum

and is thus slightly lower in energy than the GSB due to vibrational relaxation within S;.
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e Photoinduced absorption (PIA): following pump excitation to S;, the system may further
absorb photons from the probe pulse on the condition that they are resonant with an allowed
transition from S; to a higher-lying excited state, S,,. Due to their absorption by the sample,
a decreased fraction of the incident probe photons will reach the detector therefore giving rise

to a positive AOD signal in the TA spectrum.
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Figure 2.6: Photoinduced processes occurring on pump excitation in a TAS measurement, with
typically detected signals represented by straight arrows.

From these descriptions, it follows that monitoring the amplitudes of these signals as they evolve
in the time domain allows the elucidation of the growth and decay rates of excited species. TA

data thereby illustrate the movement of excitation energy within a material.

2.3.4 Analysis of spectra

Unfortunately, it is incredibly rare that meaningful time-resolved signals can be directly ex-
tracted from TA spectra. This is because time-resolved spectra most often comprise features
of multiple components, such as excitons of donor and acceptor species as well as free charge
carriers in a typical photovoltaic blend. The inspection of the dynamics inside the spectra
are hence complicated due to overlapping signals, resulting in conglomerated amplitudes and
kinetics. The lifetimes of photoinduced processes cannot be accurately quantified directly from
this information as the decay lifetime at a given wavelength will comprise a sum of multiple

monoexponential components evolving in time.

In these cases, global analysis (GA) is implemented in order to deconvolute spectra into separate



2.3. Time-resolved spectroscopy 49

photophysical components which may be assigned to species with distinct kinetics. It is then
possible to extract the necessary information in order to derive photophysical models and build
a story of the excited state processes within a material. This method is especially crucial in
complex systems such as biological species where a huge number of charge and energy transfer
processes occur simultaneously with similar energetics, and the extent to which they affect each

other is not precisely understood.

GA is carried out by employing a computational algorithm denoted a genetic algorithm due
to its imitation of Darwin’s “survival of the fittest” model#*? For a time-resolved spectrum
represented by a matrix representing change in optical density AOD as a function of ¢ probe

wavelengths (A) and j time delays ():

a global fitting algorithm is applied to fit the data. The number of linearly independent compo-
nents, n, is determined as an input parameter. A population of non-identical guesses of OD;;
for each of n is generated and modelled as an monoexponential function of . The weighted sum
of squared residuals is determined by a non-linear least-squares method in order to evaluate

the quality of the fit for each guess.

The best fit is selected for each component and a new population of spectra is generated by the
random addition of gaussian functions to the spectrum. The spectra with the lowest residuals
are “bred” together and this process is iteratively repeated until the algorithm converges on
a spectrum for each of n that fits sufficiently well to be accepted, according to a threshold of
residuals. The evolution of the resulting spectra in the time domain is then calculated to give

the kinetics for each component.

Variable parameters for the algorithm include reference spectra and guess spectra which may be
fed into the algorithm in order to steer the iterations towards meaningful results. A reference
spectrum is fixed throughout the calculation and does not undergo the evolutionary process.

This differs from a guess spectrum which provides a starting point however is not fixed and does
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undergo the evolutionary process. References and guesses can be extracted from the spectra of
the neat materials within the studied blends at very early times (0.5-2 ps, averaged to reduce
noise) to provide pure excitonic components. Alternatively, they can also be obtained from
blend spectra at very late times (approximately averaged over 1 ns between 3-6 ns) when it is
assumed that all species other than free charges have decayed entirely, in order to provide pure

charge components.

Despite the rigorous procedure, the outcome of a GA operation can be completely dependent
on the input parameters rather than there existing one correct mathematical solution to the
fit which also makes physical sense. GA robustness is hampered by a number of typically
occurring challenges including (but not limited to) stark differences in signal amplitudes, over-
lapping spectral features and data noise. These are common; it is widely accepted that the
computational deconvolution of time-resolved spectra affording kinetic components which can
be assigned to physical processes is non-trivial.**® Therefore many different iterations of the
input parameters, yielding many possible methods for each GA reconstruction presented in this
work, had to be trialled. The results that best described the dynamics within the system were
selected according to expectation of physically meaningful kinetics and timescales, as well as

comparison of component spectra to those of neat materials in order to verify their validity.

2.3.5 Transient absorption spectroscopy with sub-10 fs pulses

TAS as described above allows the interrogation of ultrafast processes on the picosecond to
nanosecond timescale, elucidating the photophysical behaviours of many systems. However,
sub-picosecond processes are obscured by the instrument response function arising due to pulse
durations of approximately 100 fs. In order to investigate photoinduced processes with fem-
tosecond timescales, pulses can be temporally compressed in order to achieve higher time reso-
lutions. Employing ultrashort pulses enables the creation of a coherent superposition of states
on photoexcitation by the pump, as well as granting access to observe the temporal evolution

of this coherent superposition of states.

Pulses with ~100 fs duration are passed through an argon-filled hollow fibre to achieve spectral
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broadening owing to the Kerr non-linearity of the medium.#** A pulse propagating through
the fibre experiences intensity-dependent phase shifts due to the intensity-dependent refractive
index of the medium. Varied transmission phases are therefore established for the different
intensities across the pulse, resulting in frequency broadening. The spectrally broadened pulse
is guided to a pair of chirped mirrors for temporal compression, producing a broadband (395-420

nm) pulse of under 10 fs duration.

Application of this method to the classic pump-probe technique allows a much finer time
resolution which enables observation of oscillations to the signal due to the temporal evolution of
the vibrational wavepacket. Projection of the time-dependent signal onto the frequency domain
by the Fourier transform affords a spectrum presenting peaks at energies corresponding to the
oscillation frequency. The peaks are resonant with frequencies of vibrational degrees of freedom
exhibited by the studied system, thus generating the vibrational spectrum of the electronic

state. An example is illustrated in figure 2.7 for a photoinduced absorption signal.
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Figure 2.7: Diagram illustrating the origin of oscillations in time-resolved spectra and the recon-
struction of the vibrational spectrum by Fourier transformation. Wavelength of photoinduced
absorption (PIA) is given by A.
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2.4 Time-correlated single photon counting

Incorporating time-domain resolution into PL spectroscopy allows the direct observation of
the temporal evolution of emissive processes. Time-resolved PL measurements probe radiative
recombination pathways in photoexcited materials by measuring the decay of PL intensity over
time after an initial photoexcitation process. This technique therefore measures a decay lifetime
(1) for the detected emission, which is equal to the time taken for the PL intensity to decay to
1/e of its initial intensity. This lifetime can be expressed as the reciprocal of the sum of the rate

constants for radiative and non-radiative recombination processes according to the equation:

1

TRt =0

where k, and k,,, are rate constants for the processes of radiative and non-radiative recombi-

nation, respectively.
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Figure 2.8: Schematic diagram of a TCSPC experimental setup.

To measure time-resolved PL intensity, the time-correlated single photon counting (TCSPC)
method is most commonly employed and is depicted schematically in figure 2.8. A diode emits
excitation pulses (~100 ps, ~MHz) which activate a time digitiser on reaching a photomulti-
plier detector denoted the “start” detector. The excitation pulse also impinges on the sample,

initiating the fluorescence of photons which are passed through a monochromator, fixed to pass
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photons of a single emission wavelength of interest for the experiment. The monochromatic
emission is then collected by a sensitive photomultiplier “stop” detector which terminates ac-
quisition on detection of a single photon. The time delay, At, between the excitation photon
and the emitted photon reaching their respective detectors is thus recorded. This single photon
process is repeated and a histogram is plotted representing photon counts at each At, the shape

of its decay curve depicting the fluorescence decay lifetime 7.



Chapter 3

Regioisomeric molecular tuning of

small molecule-based OPVs

3.1 Context and motivation

The bulk heterojunction (BHJ) is universally recognised as the optimum active layer structure
for OPV device efficiency.**® Pure domains of donor (D) and acceptor (A) components in a BHJ
manifest the best possible charge carrier mobility and minimum charge carrier recombination.
Meanwhile, the large area of D:A interface ensures a high quantum yield of charge separation.
Device performances are hence strongly influenced by donor-acceptor blend morphology, with
key roles being played by domain size, domain purity and charge transport efficiency*2® Domain
size is significant due to its correlation with the proximity of generated excitons to domain
boundaries; if photoexcitation occurs too far from a D:A interface then exciton recombination
is more likely, thus favouring smaller domains. A trade-off exists between this effect and the fact
that large crystalline domains afford the best charge carrier mobility and minimum bimolecular
recombination 227227 Tt is understood that better domain purity results in a higher amplitude
of charge generation,*¥ with evidence revealing a drop in device performance in over-mixed

blends containing both fullerene and NFA components 2317233

In many examples, the chemical structure of molecular components has been seen to influence

o4
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the nanoscale morphology of D:A blends?**23¢ Small molecule solar cells have recently risen
to the forefront of OPV research, largely due to the ease of chemical structure modification and
control compared to polymers, which exhibit larger degrees of batch-to-batch variation 23724
The focus on the molecular tuning of small molecule components in OPV blends now sees the
PCE of devices typically exceeding 10 %.2*? Computational modelling can inform the effects
of molecular modifications on these properties to an extent 5>2437240 However, understanding
the nuances of the relationship between molecular structure and photovoltaic performance in

practice can grant us the power of direct design of photovoltaic components in order to achieve

desired effects.

The ability to fine-tune the electronic and optical properties of a material is especially accessible
in push-pull organic molecules. These comprise alternating D and A moieties, separated by
a conjugated m-system. In the ADA configuration the electron-donating core is flanked by
electron-withdrawing groups. This class of small molecule facilitates efficient intramolecular
charge transfer, which can be controlled by structural modification of the D and A groups
to increase or decrease their electron-donating or withdrawing ability. As such, it is possible
to realise the optimum electronic and optical properties of the moleculeX*? Additionally, it
is possible to adjust the intra- and intermolecular forces and as a result control the domain
crystallinity and morphology that arise when the small molecule components are incorporated

into photovoltaic blends.?*!

3.1.1 Conformational twisting in a push-pull small molecule

This chapter presents an investigation into the effects of a minor structural modification on a
small molecule based on a benzodithiophene (BDT) core, which is well-studied in its molecular
design and the consequences on resulting optoelectronic properties.?*® The BDT unit is one of
the most prevalent components in OPV materials due to the planar, rigid conjugated structure
which favours intermolecular m — 7 stacking thus benefiting charge transport 249250 BDT first
appeared in the OPV field in 2008 when it was shown that the optical and electronic properties

of BDT-containing polymers could be easily tuned.*®! Chen et al. then achieved a PCE of 5
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% with a BDT-based small molecule solar cell in 2011, with x-ray diffraction data suggesting
that efficient charge transport was established by a highly crystalline domain morphology.#*#
They went on to show that the solubility, molecular organisation, frontier molecular orbital
energy levels, absorption spectra and blend morphology can all be influenced by manipulating
the side-chains of the BDT core unit,22>25% with prominent successes of side-chain modification

eventually achieving PCEs of 9.58 %% and 9.3 %.2°°

A small molecule derivative of BDT was reported by Liu et al., in which a BDT core is bonded
to four moieties, two of which are octyl-disubstituted thiophene units and two are 3-oxo-2,3-
dihydroinden-1-ylidene units. Two regioisomers of this structure were studied and are shown
in figure 3.1, with the octyl chain represented as R. Denoted BTCN-M and BTCN-O, the
molecules are structurally identical except for a 1-carbon displacement of an octyl chain on
the peripheral thiophene rings. Octyl chain substitutions are found at the 3- and 5- carbon
positions in BTCN-M (denoted a “meta substitution”) while the chains are found on the 4-

and 5- ring positions on BTCN-O (giving an “ortho substitution”).

Figure 3.1: Structures of BTCN-M (left) and BTCN-O (right), with octyl chains (represented
by R for figure clarity) at meta and ortho positions to each other respectively.

The different positioning of the bulky alkyl chains causes dramatic consequences for the molec-
ular conformation of the two molecules. The substituted thiophene unit is far narrower in
BTCN-O compared to BTCN-M, where one of the octyl chains extends towards the electron-
withdrawing moieties in the latter case. This steric hindrance in the meta relationship manifests
a greater energetic barrier to rotation of the thiophene ring about the chemical bond to BDT,
relative to the ease of rotation in the ortho-positioning. This prevents BTCN-M from accessing

a planar configuration of the peripheral thiophene ring relative to the central BDT unit. This
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was confirmed by Liu et al. using density functional theory (DFT) calculations to determine
the molecular energy as a function of the dihedral angle about the thiophene-BDT bond. For
the meta relationship, the totally planar conformation (where the thiophene ring lies parallel
to the core BDT unit) was found to have an energy of 110 kJ mol™! above its lowest energy con-
formation, compared to just a 35 kJ mol! barrier to rotation in the ortho-substituted molecule.
BTCN-O thus achieves a planar conformation across the entire molecule much more readily
than BTCN-M.%*? BTCN-O therefore exhibits greater m — 7 stacking between molecules, which
is enhanced by planar conformations of the aromatic 7 groups, than BTCN-M in bulk. Grazing
incidence wide-angle x-ray scattering (GIWAXS) studies have confirmed a greater degree of -7
stacking in BTCN-O than BTCN-M, as well as showing enhanced crystallinity in domains of
BTCN-O-containing blends.?4

Liu et al. found that this minor difference in the two molecules’ chemical structures causes
them to behave with opposite functionalities when blended with the benchmark donor polymer
poly[(2,6-(4,8-bis(5-2(ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-(5,5-(17,3’-
di-2-thienyl-5’,7’bis(2-ethylhexyl)benzo[1’,2’-¢:4’,5’-¢’|dithiophene-4,8-dione)] (PBDB-T) or ac-
ceptor [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM). The investigation entailed blend-
ing each of the small molecules in figure 3.1 with both PBDB-T and PC;;BM separately,
providing four blends in total and investigating their device performances. It was found that
BTCN-O exhibited much greater performance when blended with PC7;BM compared to when
blended with PBDB-T and hence performs better as a donor component. Conversely, BTCN-M
demonstrated an inverted preference for PC;;BM and therefore performs better as an accep-

tor 257

This chapter describes the work carried out to justify these performance differences in terms
of the charge carrier dynamics within the four blends, with reference to morphological con-
sequences of the structural modification. In this work, transient absorption spectroscopy was
carried out in order to determine the excited state dynamics. Subsequently global analysis was
applied to extract specific amplitudes and kinetics for excitons and charges in the respective
blends. The results of global analysis reveal that analogous BTCN-O and BTCN-M blends

exhibit comparable exciton quenching and charge formation dynamics but differ vastly in their
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charge recombination dynamics, giving rise to the observed contrast in device performances.
These differing charge recombination dynamics are herein rationalised in terms of the disparity

in m — 7 stacking.

3.1.2 Chalcogen substitution in an example non-fullerene acceptor

Another subset of small molecules that is of increasing interest to the OPV field and offers
remarkable tuneability is NFAs. The band gap of a NFA can be tuned in order to attain
absorption of near-infrared light, which ensures minimum waste of photons accounting for
the low-energy edge of the solar spectrum. The maximum open-circuit voltage of a device
comprising NFAs can be achieved by tuning the NFA’s electronic properties with respect to
the electronic properties of the donor component.**® Furthermore, the morphology of a blend
composed of a NFA with a donor component can also be controlled by fine tuning the molecular
structure in order to adjust intermolecular interactions*2® As such, devices comprising small

molecule NFAs now regularly demonstrate PCEs of over 11 %1

The push-pull molecular motif has also achieved and maintained popularity in the NFA field.
The indacenodithiophene (IDT) unit emerged as a prominent building block in this family of
molecules, with IEIC being one of the first NFAs to incorporate it in 2014.%°* The derivative of
IEIC that has received the greatest attention is ITIC, shown in figure 3.2, initially exhibiting
a PCE of 6.8 %.%%" ITIC has an electron-rich core comprising a conjugated series of fused
thiophene, cyclopentadiene and benzene rings flanked by quaternary carbon centres bonded
to para-alkyl substituted aromatic rings. Electron-deficient 1,1-dicyanomethylene-3-indanone
(DCI) moieties bookend the core, granting the molecule efficiency of intramolecular charge
transfer. Possible structural customisations available to the ITIC subset of NFAs and their

21l Notable implementations of

effects on photovoltaic proficiency have been widely studied.
ITIC include PCEs of 11.34 % and 11.2 % when blended with polymer donors PBQ-4F==
and PBDB-T2% respectively. Molecular tuning of ITIC derivatives has shown some focus

on the morphological influence of conjugation length. Larger conjugated structures favour

m — 7 stacking and aggregation, with an optimum balance being achieved between too much
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aggregation, giving rise to exciton recombination, and too little aggregation, which offers poor

charge transport through the material *1

Figure 3.2: Structure of the commonly employed NFA molecule, ITIC.

The second study in this chapter investigates the effects of a regioisomeric structural modifica-
tion on ITIC. Two derivatives of ITIC were studied where in both cases the para-alkyl benzene
substitution is instead a meta-alkoxy substitution, and two of the four sulfur positions on the
conjugated backbone are replaced by selenium atoms. In the isomer 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)indanone))- 4,4,9,9-tetrakis(3-((2-ethylhexyl)oxy)phenyl)-diseleno|2,3-d:2,3-
d]-s-indacenol[1,2-b:5,6-b]dithiophene, hereafter referred to as Seln, the internal thiophene ring
bears this substitution whereas 3,9-bis(2-methylene-(3-(1,1- dicyanomethylene)indanone))-4,4,9,9-
tetrakis(3-((2-ethylhexyl)-oxy)phenyl)dithieno[2,3-d:2,3-d]-s-indaceno|1,2-b:5,6-b]-diselenophene,
hereafter referred to as SeOut, denotes the isomer with the substitution on the external thio-

phene ring. The structures of the studied molecules are shown in figure 3.3.

Figure 3.3: Structures of ITIC derivatives Seln (left) and SeOut (right).

Selenium exhibits greater polarisability relative to sulfur and therefore the larger and more
diffuse atomic orbitals form stronger non-covalent interactions with nearby atoms. Se atoms

also experience weaker chemical bonding to vicinal carbon atoms than S atoms which reduces
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aromaticity over the chalcogenophene. Furthermore, it is understood that this reduction in
aromaticity raises the HOMO level slightly and hence narrows the band gap of the NFA 1%
However, the influence of altering the specific position of a Se substitution has not been inves-

tigated to date0?

As an investigation into the effect of the regioselectivity of this chalcogenophene substitution,
this chapter discusses the difference between these two NFAs with a focus on their charge
dynamics and photophysical properties. The NFAs were each assessed as acceptor components
in photovoltaic blends and hence were each blended with the benchmark donor polymer PBDB-
T. Transient absorption spectroscopy was used to measure the photoinduced dynamics of the
two blends and global analysis was employed to extract spectra and kinetics pertaining to the
excitonic and free charge species within the blends. This study reveals that the inner selenium
position effects faster charge separation relative to the outer selenium position. This observation
is rationalised in terms of a greater crystallinity in domains of SeOut relative to Seln resulting

in larger domains and hence a longer path for the exciton to meet an interface with PBDB-T.

3.2 Experimental details

3.2.1 Sample preparation

All samples studied were prepared according to the description in section 2.1.1.

3.2.2 Steady-state absorption spectroscopy

Steady-state absorption spectra were measured for all samples using the instrument outlined

in section 2.2.1.



3.3. Results and discussion 61

3.2.3 Transient absorption spectroscopy

Transient absorption (TA) spectra were obtained using the experimental setup outlined in
section 2.3.2. For the results presented in section 3.3.1, the TA spectra were measured by Dr

Tom Hopper (Imperial College London).

3.3 Results and discussion

3.3.1 Conformational twisting in a push-pull small molecule
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Figure 3.4: Spectra at selected time points for BTCN-M (a) and BTCN-O (d) and blends (b, ¢
and e, f respectively) following 710 nm excitation. The greyed out region at 700 nm is included
to remove pump scattering for clarity. Figure adapted from ref. 214 with author’s permission.

Figure 3.4 shows ultrafast spectra for BTCN-M, BTCN-O and associated blends at selected
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timepoints. The spectra were collected following excitation at 710 nm. This pump wavelength
was selected due to resonance with ground state absorption by BTCN-O and BTCN-M as well
as negligible absorption by PBDB-T and PC7;;BM at this wavelength. All spectra contain a
large positive feature due to a photoinduced absorption (PIA) on the BDT core which occurs
at 1050 nm in BTCN-M blends and 1100 nm in BTCN-O counterparts. A ground state bleach
of the same molecular unit gives rise to the negative signal observed at 600-700 nm. The
positive feature at large wavelengths discernible only at late times demonstrates generation of
free charges within the blends. It is evident that overlapping features give rise to intertwined
dynamics that do not accurately characterise the lifetimes of the photophysical species present,
specifically of the large PIA signal and free charges. Hence global analysis (GA) was applied

in order to deconvolute the separate components making up the spectrum.

The IR region comprises positive features assigned to both excitons and charges and hence
it was selected for analysis as the most informative window. Figure 3.5 shows reconstructed
spectra generated by GA for the different blends, with each material comprising two com-
ponents, assigned to excitons and charges. The excitonic feature for each material was ex-
tracted from the spectrum of neat BTCN-M/BTCN-O at early times and used as the ref-
erence, while the charge spectrum was freely optimised. The exciton spectra are consistent
across all six materials and the charge spectrum for each BTCN-M material is highly com-
parable to its BTCN-O counterpart. The global analysis method extracts only the best
mathematical model to the data; it falls to the user to identify where this mathematical
description meets with a model that also makes the most physical sense. The consistency
of the spectra across the different materials shows that they accurately represent a mean-

ingful photophysical component and hence this validates the respective spectral assignments.
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Figure 3.6 shows the GA-derived kinetics corresponding to the spectra in figure 3.5. First

observing the traces for BTCN-M and blends, the rate of exciton quenching (depicted by the

rate of decay of the red trace) in BTCN-M appears unaffected by blending with PC;;BM

but occurs on a faster timescale in PBDB-T:BTCN-M. Furthermore, as represented by the

normalisation constant, the amplitude of charges per exciton is comparable for the neat material

and BTCN-M:PC;1BM and thus the number of charges formed in the BTCN-M:PC+7;BM blend

(where BTCN-M acts as a donor) is negligible. Conversely, the amplitude of charges formed

by PBDB-T:BTCN-M (where BTCN-M takes on the role of acceptor) is significant. However,

this can be seen to decay to a low population on the 6 ns timescale of the experiment.
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Figure 3.6: Kinetics of photophysical components in BTCN-M (a), BTCN-O (d) and blends
(b, ¢ and e, f respectively). The factor of normalisation of the charge component is included
for amplitude comparison. The red trace describes exciton decay while the black trace shows
charge dynamics. Multiexponential fits are included as a guide to the eye. Figure adapted from
ref. 214 with author’s permission.

Parallel observations can be made for BTCN-O. Exciton quenching timescales for the neat
material and for BTCN-O:PC7;BM are approximately equal while a much shorter lifetime is
observed in PBDB-T:BTCN-O. A high amplitude of charges is observed for PBDB-T:BTCN-O
relative to the neat material and in this case this decays entirely to zero on the timescale of the
experiment. The amplitude of charges is again low in the PC7;BM blend for BTCN-O, alike
its BTCN-M counterpart, however in this case it is somewhat greater than that of the neat
material. Moreover BTCN-O:PC;1BM is the only material where a non-negligible population

of charges is generated and does not decay entirely on the timescale of the experiment.
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Drawing on these observations the following can be stated to explain the trend in device perfor-
mances observed by Liu et al**® As BTCN-O:PC;;BM is the only blend with any significant
amplitude of charges surviving longer than 6 ns, the device built from this blend yields the
best performance with a PCE of 7 %. The two PBDB-T blends demonstrate intermediate de-
vice performances at 6 % and 2 % PCE for BTCN-M and BTCN-O respectively; they exhibit
fast exciton quenching and therefore efficient generation of free charges. However, despite the
large population of free charges generated, the device performances are unimpressive due to
subsequent rapid recombination of these charged species. With a PCE of 0.3 %, the worst
performing blend is BTCN-M:PC;;BM, which has a negligible population of charges and thus

exhibits poor optoelectronic behaviour.

Combining the excited state dynamics obtained from TA spectra with previously published

229 it is possible to understand these observations in terms of molecular

morphological data
rationalisations. Due to the strong m — 7 stacking between planar BTCN-O molecules, there
is some partial segregation between donor and acceptor in the best performing blend. This
gives rise to a morphology of sufficiently intermixed donor and acceptor domains which aids
charge separation while crystalline regions of m — 7w stacked BTCN-O and clusters of PC;1BM
facilitate subsequent charge transport within the domains. Comparably, the lack of 7 — =
stacking between twisted BTCN-M molecules in its blend with PC;1BM gives rise to a domi-
nance of fullerene clusters causing excessively strong phase separation. This prevents excitons
from reaching a donor:acceptor interface and thus causes slow exciton quenching. In PBDB-
T:BTCN-M, low m — 7 stacking affords an excessively amorphous morphology, responsible for
the efficient exciton quenching but also for the strong geminate recombination of charges. For
PBDB-T:BTCN-O, the strong m — 7 stacking in combination with polymer chains gives rise
to aggregation of materials again leading to strong geminate recombination due to the rate
of recombination outcompeting the rate of charge separation in large domains. Hence it is

demonstrated how a seemingly negligible structural alteration can modify how a molecule be-

haves when blended and ultimately invert the device performance trends observed.
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3.3.2 Chalcogen substitution in an example non-fullerene acceptor
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Figure 3.7: TA spectra (negative signals) following 725 and 720 nm excitation of Seln (top)
and SeOut (bottom) respectively, both blended with PBDB-T, shown alongside the visible ab-
sorption and photoluminescence spectra (positive signals) of the respective materials. Adapted
from ref. 62 with author’s permission.

Figure 3.7 shows the time-resolved absorption spectra following 725 nm and 720 nm excitation
for Seln and SeOut respectively (corresponding to NFA absorption maxima) when blended
with PBDB-T. The excitation wavelength was selected in order to ensure direct pump-induced
excitation of the ground state absorption of the NFA molecules as well as negligible absorption
by the donor component. For comparison, the plots are overlaid with those of the ground state
absorption spectra of the neat materials in the respective blends. Both blends show a large
ground state bleach at the most prominent absorption of the neat NFA, found at approximately
725 nm. As there is negligible absorption by PBDB-T at this wavelength region, this initial

pump-induced absorption can be assumed to be an excitonic component, accounted for wholly
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by the NFA ground state absorption. Unsurprisingly, therefore, a steady decay over the 6 ns
timescale of the experiment is observed in both cases for this spectral feature. Moreover, a

blueshift of this peak can be observed in both blends before 10-50 ps.

The two higher-energy features of the ground state absorption spectrum are far more prominent
in Seln than SeOut, but it is clear in both cases that these spectral regions do not comprise
exclusively excitonic components as the kinetics do not exhibit steady decay like those of the
725 nm bleach. In PBDB-T:Seln there is an evident growth in signal until around 50-100 ps
and a subsequent decay, with a large proportion of the feature’s amplitude persisting at 6 ns.
This spectrum also reveals a positive PIA feature at wavelengths below 550 nm, with rising
and then decaying kinetics. PBDB-T:SeOut displays no evolution in the bleach features in the
region of 550-675 nm within the signal-to-noise limits of the measurement. This spectrum also
contains the PIA feature at the high energy edge of the spectrum, although again it has a far less
significant amplitude than its Seln counterpart. The multidimensional kinetics observed in the
region below 675 nm can be attributed to the fact that both the donor and acceptor materials
absorb at these wavelengths and therefore there are multiple photophysical contributions to the

amplitude and evolution of the features.

Global analysis was applied in order to deconvolute the photophysical components in the time-
resolved spectra. The resultant normalised exciton and charge spectra for each blend are shown
in figure 3.8. In both cases, the technique identified two components, which were assigned to
the blends’ respective excitons and charge carriers. The excitonic component was assigned as
such due to its spectral resemblance to the steady-state absorption spectrum of the neat NFA.
In each case the charge carrier spectrum does not appear as an excited state absorption but
as a bleaching of the ground state with contributions from both donor and acceptor, due to
presence of excited states in both domains after the formation of charge carriers. The charge
spectra therefore resemble that of the ground state absorption spectrum of PBDB-T, with some
NFA absorption character remaining at around 725 nm. As controlled by the pump energy,
excitons are formed in the NFA domains and are able to separate into charges on meeting
an interface with a donor domain, allowing the free charges to travel through the donor and

acceptor domains. Therefore ground state bleach features on both NFA and PBDB-T molecules
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are a confirmed representation of charged species within the blend.
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Figure 3.8: Spectra of excitonic and charge components extracted by global analysis for the
PBDB-T:Seln (left) and PBDB-T:SeOut (right) blends.

Figure 3.9 shows the kinetics associated with each of the four components represented spec-
trally in figure 3.8 as well as exponential fits to quantify lifetimes. The temporal evolution of
each species confirms their respective assignment to excitons and charges. In both blends, the
NFA excitonic components are at maximum amplitude at 0 ps and therefore are pump-induced,
consistent with the use of an excitation wavelength that is resonant with the maximum absorp-
tion of the NFA ground state. The excitonic components then decay exponentially over the
timescale of the experiment, further confirming the successful extraction of a purely excitonic
species. The charge species of each blend is at its minimum amplitude at 0 ps and grow in
amplitude until approximately 50 ps in both cases with an exponential time constant that is
equal to the decay lifetime of the exciton. This observed synchronicity between exciton decay
and charge growth further confirms their assignments due to the nature of the well understood
mechanism of charge formation in photovoltaic blends. Furthermore, the persistence of the
species at 6 ns supports the assignment as free charges because excitons and charge transfer

states do not have such long lifetimes typically.

Monoexponential fits of the excitonic components reveal exciton decay lifetimes of 2.9 + 0.3

ps and 9.7+ 0.6 ps for Seln and SeOut respectively. The agreement of these figures with the
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timescales of the simultaneous onset of the charge components (3.1 + 0.2 ps and 10.1 4+ 0.8 ps
for Seln and SeOut respectively) confirms that this time constant represents the timescale of
charge separation in each blend. The longer lifetime of this process in in PBDB-T:SeOut sug-
gests that larger, more crystalline domains of donor and acceptor are formed, as pump-generated
excitons are likely to be formed further from a D:A interface than in the comparatively more
thoroughly mixed PBDB-T:Seln blend. This observation was confirmed by GIWAXS measure-
ments, which concluded that the outer Se position improved crystallinity in the blends.®? The
subsequent decay of the charge component, denoting charge recombination, occurs slowly in

both blends and the signal does not decay fully on the 6 ns timescale of the experiment.
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Figure 3.9: Kinetics associated with the exciton and charge components for each of the PBDB-
T:Seln and PBDB-T:SeOut blends as extracted by global analysis, with corresponding expo-
nential fits as solid traces.

The different timescales for charge separation dynamics indicate that more ordered packing
is facilitated by the outer Se position compared to the inner Se substitution, as represented
schematically in figure 3.10. The increased crystallinity of NFA domains gives rise to poorer
D:A miscibility, affording larger donor and acceptor domain sizes. SeOut thus exhibits three
times slower charge separation than Seln, which is a dramatic consequence of such a minor
structural modification. It is suggested that the larger and more diffuse atomic orbitals on se-
lenium compared to sulfur afford stronger non-covalent interactions with nearby atoms arising

from 7-orbital overlap. This means that in SeOut, where the Se atom is on the same side as the
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enone oxygen on the pyrrole ring, strong intramolecular interactions between Se and O can act
as a conformational lock to rigidify the planar conformation of the electron-withdrawing end
groups relative to the electron-rich core. Such intramolecular non-covalent Se-O interactions
have been well-studied in the literature since they were first experimentally demonstrated by
x-ray crystallography in 1977, in a study that also confirmed that the Se-O interaction was
stronger than the sulfur analogue 2042 For Seln, where the Se substitution is on the opposite
side of the molecule to the O atom, the non-covalent interactions occur between the O and
the unsubstituted S atom on the outer thiophene ring. This therefore gives rise to a weaker
interaction that is not sufficiently strong to hold the molecule in a planar conformation. Hence
Seln remains aromatic and planar in its BDT core but the electron-withdrawing end groups
are free to rotate with respect to the core and hence the molecule can adopt alternative confor-
mations. Meanwhile, SeOut exhibits a rigid and planar conformation spanning the full length

of the molecule.
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Figure 3.10: a) Cartoon representing how smaller domains (Seln, blue, left) give rise to faster
charge separation lifetimes relative to more crystalline larger domains (SeOut, red, right) when
blended with PBDB-T (green polymer chains). b) Schematic diagram of dynamic processes
with their characteristic timescales probed by TAS and extracted by GA for Seln (blue) and
SeOut (red) blends.



3.4. Conclusions 71

3.4 Conclusions

In this work the effect of structural modifications to well-studied OPV components, namely
push-pull small molecules and NFAs, were investigated. Blends of studied materials were mea-
sured by transient absorption spectroscopy and the experimental results were deconvoluted by
global analysis in order to separate distinct exciton and charge components. In the case of
push-pull small molecules, a minor modification in the chemical structure gave rise to stagger-
ing morphological consequences which completely altered the molecule’s behaviour in a photo-
voltaic blend. Similarly a minor modification was again seen to significantly affect the charge
formation dynamics in a NFA study. The results highlight the complexity in structure-function
relationships in semiconducting materials as the seemingly insignificant regioisomeric modifi-
cations manifest remarkable differences in optoelectronic behaviours of blends, in an intricate
fashion. This work thereby asserts the importance of ultrafast dynamics in the understanding
of new potential materials for organic semiconductors and brings us closer to the goal of being
able to selectively design and customise molecular structures in order to achieve optoelectronic

goals.



Chapter 4

Correlating photoinduced dynamics

and stability in photovoltaic materials

4.1 Context and motivation

Device performances exhibited by OPVs have grown impressively since their inception, with
PCEs now typically exceeding 10 %242 In this thriving field of research, PCEs are perpetually
improving and currently boast a record of 18 %Y However, while research has driven the
optimisation of OPV efficiency, the complementary and necessary efforts to enhance their oper-
ational stability has fallen behind. The longevity of OPV device performance under operational
conditions therefore remains the limiting factor impeding their industrialisation. Commercial
crystalline silicon solar cells typically come with a 25 year warranty; an estimated 10 year life-
time would be required of OPVs in order to outcompete them.*®” This presents a prohibitive
obstacle for OPVs, which typically exhibit 10-50 % depletion in performance within hundreds
of hours.2®® Encapsulation of devices, in which the active material is protected from the atmo-
sphere by a glass layer, has been shown to extend lifetimes from hours to years?®® However,
glass encapsulation boosts the cost of device fabrication, while cheaper encapsulation materials
such as plastic fail to offer sufficiently effective protection.*® It is thus imperative that the

intrinsic stability of OPV materials can be investigated, understood and improved in order to

72
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make them suited to operational conditions and hence achieve their commercialisation.

Monitoring device performance over long timeframes in outdoor operational conditions, which
has been reported for some OPV devices, provides the most representative experiment for
determining the stability of a photovoltaic material @278 However, interpretation of results
in order to characterise triggers and mechanisms of degradation is complicated due to the
lack of control over experimental conditions. It is therefore conventional to measure device
performance under simulated real-world operation by control of experimental conditions such as
light, atmosphere, electrical parameters and temperature. The commonly employed technique
in the field is steady-state observation of device PCE in an artificial environment over several

hours 2745277

However, degradation typically arises due to a combination of influencing factors including
hydration of materials, oxidation and photoinduced mechanisms.*® The relative prominence
and intricate interplay between each of these processes cause barriers to the assignment sources
of degradation in different materials when only the overall efficiency is measured over sev-
eral hours®® Furthermore, time-resolved spectroscopic studies have quantified degradation
timescales ranging from picoseconds to microseconds, while devices employing photoprotective
materials have exhibited photoprotection mechanisms on timescales no longer than microsec-
onds 213280283 The application of ultrafast spectroscopy is therefore a prudent approach for
disentangling the processes that cause degradation and photoprotection in solar cell materials
in order to observe their action in real-time. In this chapter, transient absorption spectroscopy
is applied to two photovoltaic systems for the direction investigation of their charge dynamics

in order to elucidate the mechanisms that influence their operational stability.

4.1.1 Photoprotection in fullerene-based solar cells

The stability of organic acceptor materials has consistently been at the forefront of discussion
around OPVs!7 Despite their short operational lifetimes, fullerenes were almost exclusively

employed as the electron-accepting component in OPVs until the mid-2010s, due to other

284

attractive optoelectronic properties. Breakthrough results by fullerene-containing organic
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devices sparked a surge of interest in the OPV field that fed the ever-growing efforts to drive
device performances higher** While efficiency was gradually improved via investigation into
novel donor materials and device architectures, the persistent poor stability of fullerenes was
neglected. Their intrinsic lack of stability under the required operating conditions of a solar
cell is now understood to be a major issue that requires confronting in order to advance OPVs

such that they could ever be industrially viable.

The mechanistic explanations for short lifetimes of fullerene-based devices have been thoroughly
investigated. Even in an inert atmosphere, incident light alone can activate the dimerisation
and oligomerisation of fullerenes via photoinduced 2+2 cycloaddition 2%287 When fullerenes
are blended with a donor component, these reactions perturb the morphology of the blend owing

288 Consequently, a

to the poorer miscibility of fullerene oligomers relative to their monomers.
severe loss of short-circuit current and thus decreased device performance can occur in the tens
of hours following initial illumination.*® Furthermore, exposure to atmospheric conditions can
trigger photooxidation reactions such as epoxide and carbonyl substitutions on the fullerene
structure. %22 These oxidations decrease the LUMO of the fullerene and thus provide electron
traps in acceptor domains, which significantly reduce the open-circuit voltage of the device.??
This has been shown to have a radical effect on device efficiency, with one study demonstrating
a 90 % depletion of initial performance occurring from oxidation on only 3.6 % of the total

294 The same study showed that oxidation on less than 1 % of the present

fullerene population.
fullerene molecules was sufficient to lose 65 % of the initial device performance. Collectively
these mechanisms mean that the operational lifetimes of fullerene-containing devices may be

diminished to the range of minutes to hours when illuminated under ambient conditions 2?2297

In light of the poor stability of fullerenes, the OPV field is increasingly turning to NFAs which
do not exhibit these detrimental reactions to operational conditions. Additional attributes such
as greater structural tuneability and potential for lower production costs increasingly ramped
their popularity, which led to the first NFA system surpassing the efficiency of fullerene blends
in 20174 A device comprising Y6 blended with D18, a prominent NFA and donor copolymer
respectively, currently holds the record for OPV performance at 18 %Y However, although this

shift resolves the complications pertaining to the poor stability of fullerenes, it exposes certain
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additional problems relating to the manufacturing and implementation of OPV devices.*0®

Hence the resolution of fullerene degradation in photovoltaic blends remains a pertinent focus

of research.

While the intrinsic stability of fullerenes and small molecule acceptors continues to receive at-
tention, the stability of small molecule donor components remains less well investigated??® One
particular donor molecule of interest is 2,2’-[(3,377,37” 4’-tetraoctyl[2,2":57,27:57,2"7":5"7 277~
quinquethiophenel-5,5""-diyl)bis[(Z)-methylidyne(3-ethyl-4-oxo-5,2-thiazolidinediylidene)] | bis-
propanedinitrile (DRCN5T), which was first synthesised in 2015 and has been blended with

SU0BOL - Stdies have shown

both fullerenes and NFAs to afford notable device performances.
that the morphological consequences of visible light exposure can cause performance losses
in DRCNb5T-containing devices but its stability under atmospheric conditions had not been

investigated prior to this work 202503

In our study, DRCN5T:PC7,BM demonstrated impressive stability when exposed to light and
oxygen due to the donor molecule’s intrinsic stability under operational conditions** A de-
vice comprising DRCN5T:PC;,BM and a range of polymer:PC;oBM devices were exposed to
1 Sun illumination and Os, while their efficiencies were monitored over a 17 hour period. The
performance of the polymer-containing blends depleted dramatically however the DRCN5HT-
containing blend preserved 93 % of its initial efficiency at the end of the degradation period.
In the work described in this chapter, TA spectroscopy was employed to investigate the pho-
tophysical explanation for this uniquely impressive stability. The study revealed that ultrafast
energy transfer from PC;oBM to DRCN5T facilitated quenching of the unfavourable excitation
energy on the fullerene which would otherwise activate detrimental degradation mechanisms.
Hence, the ability of DRCNS5T to accept the energy from PC7yBM and to subsequently remain
stable was shown to provide a pathway for photoprotection of the fullerene acceptor and thus

yield superior stability in a fullerene-containing OPV blend.
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4.1.2 The relationship between stability and charge trapping in AgBiS,

quantum dot solar cells

Quantum dot solar cells (QDSCs) are increasingly drawing attention in the photovoltaic field
due to desirable optoelectronic properties,2* the ability to tune the material’s bandgap by ad-

justing the nanocrystal size,”*> and enhanced stability compared to most organic components ="

Of this class of materials, lead-chalcogenide QDs have proven to be the most prominent 20720
due to their solution-processability and high performance*'” with PCEs above 12 % attained

in QDSCs*™ and as high as 16.6 % for lead perovskite QDSCs.>

However, such devices are preventatively unstable under the typical operational conditions
of a solar cell > while the toxicity of lead prohibits their use in commercial applications.*
Therefore, the expansion of the QDSC field towards lead-free materials is a highly relevant
point of study. One promising alternative receiving attention is bismuth due to its improved
stability and low toxicity compared to lead.” Several bismuth-containing systems have been
reported, including silver bismuth halide perovskites demonstrating the most impressive stabil-
ity under ambient conditions.?*¥ Further lead-free materials that have been investigated include
silver bismuth sulfide (AgBiS,)21%B First employed as a QDSC active material in 2016, it
was shown to afford PCEs above 6 % when combined with zinc oxide (Zn0O), a commonly
employed electron-transporting layer (ETL), and an organic polymer hole-transporting layer
(HTL) composed of poly[[4,8-bis9(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl][3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno|[3,4-b]thiophenediyl]] (PTB7).4 This was reported to

be the first inorganic solar cell material that satisfies all the criteria of low-temperature solution

processability, non-toxicity, abundance and adequate device efficiency.

In the typical case for lead-sulfide (PbS) QDSCs, the active layer sits between a ZnO ETL and
a HTL comprising PbS QDs coated with 1,2-ethanedithiol ligands (PbS-EDT). While these
devices can exhibit impressive operational stability,*** recent studies show that facile oxida-
tion of the PbS-EDT HTL is responsible for degradation of the HTL and thus a diminishing
device efficiency 21318 Approaches to overcome this drawback have involved exploring alter-

native HTLs which suppress the degradation without compromising device performance. One
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successful strategy has been to use an organic polymer HTL such as poly(3-hexylthiophene-
2,5-diyl) (P3HT), poly-[bis-(4-phenyl)-(2,4,6-trimethylphenyl)-amine (PTAA), or PTB7 which
offer improved intrinsic stability relative to QDs, in conjunction with an additional molybde-
num trioxide (MoQ3) layer to enhance their hole-transporting ability and hence compensate for
their lesser efficiency relative to PbS-EDT B2l The best performing result of this family of
devices employed a PBDB-T/MoO3 HTL, achieving a PCE of 11.2 %522 However, the MoOs
layer has been found to detriment the stability of the device and hence offset the benefits of us-
ing the organic HTL over PbS-EDT 223 The pursuit of alternative MoOg-free HTLs is therefore
imperative in order to realise viability of QDSCs by boosting their stability under operational

conditions.

In this study, AgBiSy QDSCs with different combinations of HTLs and ETLs were trialled as an
investigation into the relationship between device architecture and the stability of the resultant
devices. Thus far, the operational stability of AgBiS; QDSCs under ambient conditions and
light has not been investigated, though they have been reported to be stable under oxygen in

[3T3]

the dark??? and on a single exposure to water31¥ and neat AgBiS, is understood to remain

stable for several months?'” Both PTB7/MoOs3 and p-doped PTAAB%) (PTAA:CgFys) were
separately employed as HTLs. This doping of PTAA has been previously shown to give rise
to efficient blocking of electrons and consequently improve the PCE from 9.1 % to 10.4 %
relative to PTAA /MoOj3 for a PbS QDSC 528 The two HTLs were both combined with different
morphologies of ZnO ETLs, either in nanoparticle morphology (ZnO,,;,) or deposited from sol-

gel (ZnOg,), affording four different device configurations in total, shown in figure 4.1.

Rzao

ITO

Figure 4.1: Different ETL and HTL components affording the four different devices studied.
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The devices’ PCEs were measured over time under degradation by oxygen and light exposure,
revealing that the ZnOg, /AgBiS;-TMAI/PTAA:CgoF s device was the only one with any appre-
ciable stability while the other three devices suffered rapid and dramatic performance loss*®
Prior studies have shown that PTB7 degrades under O, and light resulting in a depletion of
chromophores, and hence a decrease in light absorption, as well as a loss of conjugation to the
detriment of its transport properties.®” Scanning electron microscopy measurements revealed
considerable corrosion on the electrodes of PTBT7-containing devices, due to formation of AgsS
crystals. This corrosion could also be seen, albeit to a lesser extent, on the ZnO,,/AgBiS,-
TMAI/PTAA:CgoF4s device while the sol-gel counterpart appeared unaffected. Neat ZnO is
understood to be very stable but it can trigger degradation in the active layers by interfacial
effects#2® Photoelectron spectroscopy studies comparing pristine and oxygen-degraded devices

indicated oxidation of AgBiSs to Bi;O3 and iodine by the photoinduced reaction of TMAI

ligands and AgBiS, with atmospheric oxygen:

AT + Oy + 2H,0 — AOH™ + 21, (4.1)

where the reactant iodide is gleaned from TMATI ligands. The rougher ZnO,,, relative to ZnOg,
ETLs affords greater surface area for physisorption of water which results in an acceleration
of reaction 4.1. The iodine produced reacts with the silver electrodes and give rise to their
corrosion:

2Ag(s) + L) — 2Ag1 (4.2)

while atmospheric oxygen can also cause the photoinduced oxidation of the active layer:

Together these reactions are understood to contribute to a loss of charge extracting ability,
but the specific mechanisms by which they detriment the photoinduced dynamics had not yet
been investigated. Time-resolved spectroscopy was therefore employed herein to investigate
and compare the fates of charge carriers in pristine and degraded devices. TA spectroscopy

on neat films of AgBiS, at increasing extents of degradation first revealed a spectral signature
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representing degradation of the material. By subsequently applying TA to the four different
QDSC devices and quantifying this spectral representation of degradation for each device con-
figuration, the results provide a hierarchy of stability under operational conditions for the four
studied devices. This conclusion was congruent with device performance data thus confirming

the validity of the approach and the model.

4.2 Experimental details

4.2.1 Sample preparation

All samples studied were prepared according to the descriptions in section 2.1.

4.2.2 Steady-state absorption characterisation

Steady-state absorption spectra were measured for all samples using the instrument outlined

in section 2.2.1.

4.2.3 Transient absorption spectroscopy

Transient absorption (TA) spectra were obtained using the experimental setup outlined in
section 2.3.2. For the results presented in section 3.3.1, the TA spectra were measured by Dr

Andreas Weu (University of Heidelberg).
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4.3 Results and discussion

4.3.1 Photoprotection in fullerene-based solar cells

In TA measurements, a blended film of the small-molecule donor DRCN5T and the fullerene
PC7BM was excited with a 700 nm pump resonant with the absorption maximum of the
donor. The blend was studied incrementally over a 22 hour period of 20 % O, exposure
and simultaneous continuous illumination conditions of 1 Sun. The presented results show 11
distinct samples at varying degrees of degradation in order to investigate the effects of gradual
degradation on the charge formation dynamics. The spectra were analysed with global analysis
(GA) in order to extract specific components for excitons and charges and thus observe their

temporal evolution.
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Figure 4.2: Normalised GA-derived spectra (left) and associated kinetics (right) for DRCN5T
excitons (top) and charges (bottom) present in the DRCN5T:PC7BM blend extracted from
TA spectra collected following 700 nm excitation (150 nJ) for varying extents of degradation.
Only one exponential fit is included in each of the kinetic traces for figure clarity, taken from
analysis of the pristine blend data and shown as black solid lines.

The spectra collected for the near-infrared probing region and their associated kinetics resulting
from GA are shown in figure 4.2. The GA was carried out using the donor exciton spectrum -
captured from the neat DRCNSHT TA spectrum at very early delay times - as a reference with
the second component undergoing free evolution. It can be safely assumed that the DRCN5T
exciton is present as it is selectively excited by control of the excitation wavelength. Trials of this
method with a greater number of components confirmed that there are only two photophysical

species present in the blend following direct excitation of the donor component, represented
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spectrally in the left plots of figure 4.2.

The physical character of one species is known, as the DRCN5T exciton was fed into the al-
gorithm, and the second component can be assigned with confidence to free charges based on
its temporal evolution. The kinetics for the two components are shown in the right panels of
figure 4.2. Monoexponential fits to the exciton decay kinetics reveal that this process occurs
with approximately a 3 ps lifetime for all blends. The second species emerges on an approxi-
mately 10 ps lifetime and decays on a 3 ns timescale. Charges are typically the only species
that persist on the nanosecond timescale in OPV blends due to the short lifetimes of excitons
and charge transfer states. The second species is therefore assigned to charges formed in the
blend, with the initial picosecond process characterising the charge separation process. This
assignment is corroborated by the energetic justification for charge transfer in the blend as the

LUMO level for DRCN5T and PC,BM are -3.4 ¢V and -3.9 eV respectively.

As implied by the overlaid traces in figure 4.2a and 4.2c¢, the degradation was not observed to
affect the spectral shape of the components, revealing that the physical nature of the excitations
in question are unaffected by the degradation. The dynamics of charge transfer and decay also
appear unchanged by the increasing degradation. Exponential fits allowed determination of
time constants for these processes at each incremental stage in the degradation process. In
order to fully verify a lack of correlation between degradation and charge dynamics, the time
constants were plotted as a function of degradation in figure 4.3. As these plots do not reveal
a trend, it can thus be deduced that degradation does not influence the timescales of ultrafast

processes induced by 700 nm excitation in the blend.

The 700 nm pump TA study confirms that degradation does not affect the photoinduced dynam-
ics in DRCN5T:PC7,BM, which is consistent with implications made by the device performance
study discussed in section 4.1.12%¢ However, this does not offer any photophysical explanation
for the blend’s intrinsic stability. Therefore, in order to directly interrogate what is occurring
within the fullerene domains that inhibits degradation of PC;BM, TA experiments were also
carried out with a 250 nm pump. This wavelength is understood to directly effect selective gen-

eration of PC;oBM excitons as it corresponds to strong absorption by PC,oBM and a relatively
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Figure 4.3: Time constants of the photophysical processes occurring in the studied blend fol-
lowing 700 nm excitation, determined by monoexponential fitting of the kinetic traces in figure
4.2, plotted as a function of degradation.

insignificant amplitude of absorption by DRCNS5T. However, the shape of the raw spectrum
(shown in figure 4.4) before deconvolution by GA appears to contain a strong contribution from

DRCNST by bearing resemblance to the neat DRCNS5T spectrum in showing a peak at 1200

nm.
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Figure 4.4: TA spectrum of the 250 nm pump experiment (150 nJ) with PC7;oBM and DRCN5T
neat spectra at early times superimposed for clarity.

Contrary to the presence of just one exciton and one charge component in the 700 nm pump
data, GA confirmed the presence of three spectral components in the 250 nm experiment.
As the spectrum in figure 4.4 suggests a dominant contribution from the DRCNSHT exciton
spectrum, GA was executed by entering the neat donor exciton spectrum as a reference and
allowing two further components to be freely optimised using the algorithm. The spectra of

the resultant three components and their associated kinetics are plotted in figure 4.5.
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Figure 4.5: Normalised GA-derived spectra (left) and associated kinetics (right) for the TA
spectrum measured using a 250 nm pump pulse to selectively excite the fullerene. Kinetics are
plotted as moving averages with associated errors shown.

The three components are assigned to DRCNS5T excitons, PC;oBM excitons and free charges.
The donor exciton component can be assigned as it was used as a reference in GA, hence we can
be confident of its physical origin. The PC7yBM exciton differs slightly from the experimentally
measured spectrum (see appendix A.1) in the lower-wavelength edge of the probing region due
to some difficulty deconvoluting the PC7iBM and charge traces with global analysis. This is
also a likely cause for the mixed kinetics for these two traces between 0.5 and 1 ps. However,
the PC7yBM component can be assigned with confidence due to its selective excitation with the
250 nm pump and because the kinetics show that this component has a maximum amplitude at
time zero, which is expected for a species that is generated directly by the pump. The charge
spectrum can be assigned due to its temporal evolution, as it rises gradually until 10 ps and

then decays slowly on a nanosecond timescale that is characteristic of free charges in OPVs.

The 250 nm photoexcited dynamics reveal that we do not observe direct charge separation from
the pump-excited excitons (on PC7yBM in this case), as was depicted by synchronous exciton
decay and charge rise dynamics in the 700 nm measurement. Instead, the DRCNSHT exciton
appears to act as an intermediate state to the charge separation process. There is a clear
ultrafast decay of the acceptor exciton which occurs with concurrent ultrafast emergence of the
donor exciton component. Later, the DRCN5T exciton begins to decay, and the concomitant

onset of the charge growth component indicates that charge separation has begun.
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These kinetics illustrate that excitation of PC;BM is immediately followed by ultrafast energy
transfer to DRCN5T. This process depletes the population of PC7;,BM excitons and generates
donor excitons, from which the subsequent charge separation ensues. In conjunction with
this device’s observed stability, this process suggests that the ability for this energy transfer
to take place on an ultrafast timescale - and for DRCNS5T to remain stable after receiving
the excitation energy - facilitates a photoprotective mechanism. The transfer pathway allows
quenching of excitation on the fullerene which would otherwise provide activation for harmful
degradation reactions. This rare characteristic of an OPV blend suppresses degradation and
establishes a blend that exhibits intrinsic stability under operating conditions. Similar results
have been observed in analogous systems, where Yan et al. found that the rate of fullerene
dimerisation was decreased by piperazine doping in an OPV blend, as it provided a charge
transfer pathway by which to quench fullerene excitons®#? We therefore conclude that this
effect could be harnessed for design of future OPV systems, in order to attain coincident high

stability and performance without needing to compromise one in order to achieve the other.

4.3.2 The relationship between stability and charge trapping in AgBiS,

quantum dot solar cells

TA measurements were first carried out by excitation of neat AgBiS, films with a 700 nm pump
in order to excite just above the material’s band gap. Figures 4.6a-e shows the TA spectra for
films at increasing extents of degradation under O, and light, from pristine (0 hours) to fully
degraded (27.5 hours). All spectra contain a single broad photoinduced absorption (PIA) that
spans the probing region and contains two kinetic components. A ~100 ps component domi-
nates the decay, which we associate with mobile carriers and their bimolecular recombination,
confirmed by steady-state absorption spectroscopy (see appendix B.1) and intensity-dependent
TA measurements shown in figure 4.7a. Exciton absorption gives a distinguishable sharp peak
at the low-energy edge of the absorption spectrum and therefore a material with excitonic
character shows an abrupt onset of absorption as opposed to a gradual slope.?*¥ Appendix

B.1 shows the absorption spectrum for the AgBiS, films where a sharp absorption edge is not
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observed, confirming that the TA signals can be attributed to carriers as opposed to excitons.
The intensity-dependence of the TA PIA, shown in figure 4.7a, reveals the carrier population-
dependence of the dynamics, confirming that the decay of this signal arises due to bimolecular
recombination. A long-lived component in the TA spectra in figure 4.6 persists beyond the 6
ns timescale of the measurement and does not show a pronounced dependence on excitation

flux which we therefore attribute to immobile trapped carriers.
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Figure 4.6: a-e): TA spectra for neat AgBiS, films at increasing extents of degradation, following
excitation with a 700 nm pump (50 nJ). f): Normalised kinetics of PIA for each film.

Figure 4.6f shows the evolution of the PTA as a function of time for all films. There is no clear

correlation between the kinetics of the decay and the extent of degradation, consistent with the
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impressive stability of AgBiS; material when not incorporated in a device. However, there is a
greater amplitude of trapped carriers (present after 1 ns) in the fully degraded film. The decay
appears to plateau at 3 ns for this trace but continues until 4-5 ns for the lesser degraded films,
which confirms our assignment of long-lived states to trapped charges. Furthermore, the PIA
signal is seen to blueshift with increasing degradation relative to the 0 h spectrum (progressing
chronologically from figure 4.6a to 4.6e), with the maximum occurring at around 1100 nm and
1000 nm for 0 h and 27.5 h respectively. This effect is particularly pronounced at early time
delays where both mobile and trapped carriers contribute to the signal. At later times, where

only trapped charges are present, the spectra look similar.
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Figure 4.7: a): Fluence dependence kinetics and exponential fits of PIA in pristine film. b):
Spectral centre of mass as a function of degradation for early time delays vs late time delays.
Fits are included as a guide to the eye to demonstrate the centre of mass trajectory.

In order to quantitatively verify the observed relative peak position shift, the spectral position
was calculated as the spectral centre of mass (SCOM) for both early delay times and late delay
times. The spectra were therefore first averaged over the temporal ranges 0.5-2.5 ps and 1-6
ns to afford early time and late time spectra. Then for each of these spectra the SCOM was
quantified across the probing region, by calculation of the weighted average wavelength in that
spectrum, given by the sum of each wavelength n weighted by its amplitude divided by the

sum of amplitudes:
YA(n)AOD(n)

COM = SAOD(n)

(4.4)

Figure 4.7b shows the SCOM for both the early and late delay time spectra for each of the neat
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AgBiS, films from pristine to fully degraded. The early delay time spectra show a significant
blueshift from pristine to degraded, while the SCOM at late times show a consistent PIA
position. It is expected that only trapped charges contribute to the signal on the 1-6 ns
timescale across all films regardless of their degradation. On the 0.5-2.5 ps timescale, dynamic
processes occur involving both free and trapped charges and therefore we expect to observe some
variation as a function of degradation. As the SCOM increasingly blueshifts with increasing
degradation, we suggest that the spectral position of the PIA represents the relative population

of trapped charges in the material.

In order to investigate the relationship between charge trapping and the varying stabilities
exhibited by different device configurations, TA measurements were carried out on AgBiSs-
containing optoelectronic devices described in section 4.1.2. These experiments were performed
by focusing the pump and probe beams onto a spot between electrodes. Figure 4.8 shows TA
spectra for AgBiS, devices with the four different combinations of hole and electron trans-
port layers for pristine (left) and degraded (right). The specific peak positions of the spectra
vary across devices due to interference effects caused by contributions from different charge
extraction layers. However, the spectra are broadly consistent across the range of device con-
figurations, showing PIA features at the NIR edge of the probing window and a negative signal
at wavelengths approaching the visible region. All spectra also contain a long-lived component
that remains after the 6 ns timescale of the measurement which generally reflects the broad and

flat spectrum of trapped charges present at long time delays in the neat AgBiS, film spectrum.

In the neat AgBiS, spectra, a blueshift is observed on degradation; this shift was investigated
in the device spectra in figure 4.8. Rather than comparing a temporally-averaged centre of
mass for each spectrum as is presented in figure 4.7b, the SCOM of the PIA region for each
separate spectrum was calculated as a function of delay time. As the spectral position of the
PIA was interpreted to represent the relative population of trapped charges in the material, this
time-resolved calculation of PIA position reveals dynamic information regarding the evolution
of charge trapping. For each device, the SCOM across the PIA region was calculated at each
timepoint and is plotted as a function of time in figure 4.9. All devices can be observed to

blueshift until 500 ps with a trace that was fitted to a monoexponential function.
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Figure 4.8: TA spectra for AgBiS, devices (pumped at 700 nm) with different hole and electron
transport layers, both pristine (left) and following 8 hours of degradation under light and O,
(right).
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Figure 4.9: Spectral centre of mass across the PIA region for each device as a function of time,
as well as solid lines showing monoexponential fits used to quantify the blueshift.

In order to quantitatively describe the impact of degradation for each device configuration, the
time constants for this process were extracted from the monoexponential fit. As the blueshift
is attributed to formation of trapped charges within the device, a faster lifetime of this process
illustrates faster charge trapping. Charge traps are formed as a consequence of degradation
and hence each degraded device exhibits a faster timescale of charge trapping relative to the
corresponding pristine device. By calculating the percentage decrease of this lifetime for each
degraded device relative to the corresponding pristine lifetime, we arrive at a metric that
quantifies the effect of degradation on each device. Hence from this analysis it is possible to
quantitatively compare each device’s susceptibility to degradation and, more specifically, the

formation of active charge traps.

Device ETL/HTL Pristine lifetime / ps | Degraded lifetime / ps | Decrease / %
Zn0,,/PTAA:CgoFys 306 281 8.2
Zn0Oy, /PTBT 356 109 69.4
ZnOnp/PTAAC60F48 210 114 45.7
Zn0,,,/PTB7 366 178 51.4

Table 4.1: Time constants for the PIA centres of mass shift, and the percentage decrease of the
time constant of the degraded device relative to the pristine device

Three of the four devices show a dramatically faster timescale of charge trapping as a result

of degradation with approximately 45 — 70 % faster charge trapping in the degraded devices.
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It is important to note that in attempting to model charge trapping as a single photophysical
process in each device, monoexponential fits were used in each case. We acknowledge that
the traces for the ZnOg,/AgBiS,/PTBT devices do not fit perfectly and therefore the blueshift
lifetime for the pristine device is slightly overestimated while in the degraded case it is slightly
underestimated. The charge trapping timescale decrease may therefore not be as high as 69
% if fit to biexponential functions but in order to maintain a consistent analysis across the
range of devices, this model was preferred. Nonetheless, the qualitative trend can be assumed
to remain accurate as the ZnOg,/AgBiS,/PTB7 device provided a drastically larger decrease

than all other devices on a scale beyond the effect of the fit inaccuracies.

The device that is least affected by the degradation is the ZnOg,/AgBiSs/PTAA:CgoF s device
with only an 8 % faster timescale of charge trapping in the degraded device relative to the
pristine device, which is drastically lower than all of the other three material configurations.
This conclusion is in excellent agreement with the devices’ photovoltaic performance data which
showed that the combination of sol-gel ZnO ETL and PTAA:CgoF4s HTL offered impressive
stability under Oy and illumination while the performance of the other three devices was seen
to decline dramatically over the timescale of the measurement. This suggests that degradation
products act as trapping sites that significantly impact the ability of the device to generate
photocurrent, thus justifying the loss in photovoltaic performance for the poor stability de-
vices. The TA study has therefore rationalised the varying stabilities observed in the device

performance data in terms of photoinduced dynamics.

4.4 Conclusions

In this chapter, the stability of material candidates for photovoltaic devices were explored by
time-resolved spectroscopy in order to examine the events following photoexcitation. In both
studies presented here, previously measured device performance data had revealed interesting
findings which were investigated spectroscopically in order to rationalise these observations in

terms of photoinduced dynamics. In a blend of a fullerene acceptor with a small molecule donor,
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TA spectroscopy unveiled an ultrafast photoprotective mechanism of energy transfer which af-
forded superior stability of the blend by means of quenching fullerene excitons. This result can
be used to guide future design of OPV materials by purposefully unlocking this mechanism to
ensure longevity of fullerene-containing devices. In a series of QDSC devices, TA data con-
cluded that the device that exhibited the best operational stability also demonstrated superior
resistance to the formation of charge traps after degradation. This study resolves questions
surrounding the optimum ETL and HTL configuration in AgBiS, QDSCs and the results can
be used to inform design of such devices, as well as to lead studies which attempt to extrapolate
these findings to QDSCs comprising different active materials. Overall, this chapter summarises
how time-resolved absorption data can be used to investigate the photoexcited processes which
often give rise to degradation in photovoltaic devices. These studies therefore demonstrate the
benefits of the ultrafast spectroscopic approach for interrogation of degradation mechanisms
over the conventional PCE methods typically measured over long timescales. Degradation is
one of the pivotal linchpins requiring control in order to revolutionise photovoltaic materials

and this work thereby makes important advances towards their optimisation.



Chapter 5

Time-resolved spectroscopic studies of

photosynthesis in cyanobacteria

5.1 Context and motivation

Photosynthesis fundamentally drives and maintains all life on Earth#!' Its photoinduced fix-
ation of COy yields organic molecules as storage units for solar energy, in the currency of
chemical energy, and its simultaneous production of molecular oxygen provides the atmosphere
for respirational organisms. Photosynthesis is thus the principal mechanism connecting life on
our planet with the 120,000 TW of energy offered by the Sun* There have therefore been
growing efforts to exploit photosynthetic microorganisms for the objective of renewable energy
generation, owing to their abundance and near-unity efficiencies, their capacity for self-repair

as well as direct and intrinsic energy storage mechanisms.12%144

5.1.1 Comparison of the photosynthetic processes within biophoto-

voltaic devices #n vitro and cyanobacteria cells in vivo

The field of biophotovoltaics (BPVs) denotes the use of a whole microorganism for photocurrent

generation, taking advantage of its natural photosynthesis for the direct production of electrical

92
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energy.t*® By definition, BPVs specifically consume only sunlight and water in this process.*?”

Incident photons are harnessed to induce water splitting at a biophotoanode comprising the
microorganism. Electrons are thus harvested from water molecules such that on connection of
the biophotoanode to an electrical circuit (i.e., in an electrochemical cell), electrical current is
generated. Due to the effectively infinite supply of water and sunlight (relative to the scale of
human energy demands), as well as the robustness of microorganisms, the past twenty years

has seen an ever-growing interest in the field of BPVs. 149451

Of the diverse range of microorganisms employed in BPV devices, cyanobacteria are the most
commonly employed and are considered to be the most promising component in photobiotech-

nology.3%2

At the time of writing this thesis, the highest-performing BPV device employed
the Synechococcus species to afford a power density of 610 mW m2%7 Further studies em-
ploying the same species as well as several others over the past decade have reinforced the
growing popularity of the field B3TLS2ITEB33E3T The most prominent species of cyanobacteria
amongst BPVs is Synechocystis sp. PCC 6803 (hereafter Synechocystis) due to its more com-
plete genome characterisation compared to analogous species providing pathways for genetic
manipulation, its facile formation of biofilms on conductive electrode surfaces such as ITO, as

well as its extensive application in prior photosynthesis research 142552

There has been active discussion pertaining to the electron transfer routes within microorgan-
isms incorporated into biophotoanodes as well as between the microorganism and the electrode
surface.**” However, the processes occurring between photon absorption and electron collection
at the electrode, and hence any potential energy loss factors occurring within this diffusion,
remain a mystery.** Specifically, a common and underlying obstacle amongst all BPV sys-
tems is that the electron transfer between the photosystems and the electrode remains poorly
understood *%4 Several studies have attempted to characterise the photovoltaic processes in var-
ious BPVs in an attempt to better understand their behaviours such that their relatively low
photocurrent amplitudes can be enhanced **"=42 Elucidation of the precise electron transport
and transfer processes within these systems would have dramatic implications for the future of

photobiotechnology.?43
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Three potential transfer pathways have been postulated, following either direct electron transfer
to the electrode from a protein embedded in a cell membrane, indirect electron transfer via redox
species or indirect electron transfer via appendages on the cell membrane known as pili 122544
Electrochemical measurements by Zhang et al. in 2018 indicated that this process occurs by
the mechanism of redox species-mediated electron transfer** This study compared in vivo
biofilms of cyanobacteria cells with analogous biophotoanodes comprising isolated photosystem
IT (PSII) films. Both PSI and PSII core complexes can also be wired to electrodes to afford
photovoltaic devices analogous to those from cyanobacteria biofilms. Isolated photosystem
devices typically afford much higher photocurrent amplitudes than cyanobacteria biofilms with

photocurrent densities of up to 1 mA cm* 165345347

The aforementioned electrochemical results provide insightful guidance for explicitly assign-
ing the electron transfer pathways following photon absorption within a cyanobacteria biofilm.
However, spectroscopic techniques facilitate the direct comparison of photoinduced dynamics
within cyanobacterial cells in their true in vivo natural state in solution with those exhibited
when immobilised onto electrodes. Thus, in section 5.3.1, a range of spectroelectrochemical
and spectroscopic techniques were employed to investigate the photoinduced processes in bio-
photoanodes comprising both PSII in vitro and Synechocystis in vivo alongside spectroscopic
characterisation of Synechocystis in vivo in solution. The time constant of charge diffusion
from PSII to the electrode within Synechocystis cells was quantified. The results indicate indi-
rect electron transfer via diffusional redox species, in agreement with Zhang et al.’s conclusions
from electrochemistry. Photoluminescence quenching was also investigated both for in wivo
Synechocystis cells in solution and for those wired to an ITO electrode. Comparison of the
quenching dynamics revealed that wiring cells to an electrode has dramatic consequences on
the photoinduced processes within the cell, revealing that there are fundamental areas in the

field of BPVs that are not yet fully understood.
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5.1.2 The ultrafast photoinduced dynamics of photosynthesis in vivo

The near-unity efficiency of photosynthetic light-harvesting offers many lessons for mankind’s

endeavour to tackle the energy crisis.+

However, there remain several knowledge gaps imped-
ing our understanding of the operation of biological systems, which require direct interrogation
of their ultrafast photoinduced dynamics. While many biological mechanisms occur on the
timescale of milliseconds to seconds, they comprise a sequence of much faster rudimentary pro-
cesses, such as charge and energy transport, which occur on the femtosecond to picosecond
timescale ¥ The high efficiency of these fundamental steps facilitates the necessary ultrafast
energy conversion and thus prevents the dissipative wasting of energy**¥ Hence the efficiencies
of the elementary processes determine the overall efficiency of the composite biological process.
Complex apparatuses composed of many highly efficient ultrafast steps can be found ubiqui-
tously in biology, from photoisomerisation of thodopsin granting us vision® to energy transfer

in photosynthetic light-harvesting 178251

A crucial component to photosynthetic light-harvesting in cyanobacteria is chlorophyll-a which
harnesses photons and also enables charge separation in the reaction centre (RC). It is under-
stood that chlorophyll-a exhibits two strong absorption bands in the visible region denoted the
B and Q bands, at 400-470 nm and 650-700 nm respectively.#** Given that chlorophylls are
exposed to the full solar spectrum in nature, it is highly likely that a large proportion of the
population are initially excited to the B band. After photoexcitation, the subsequent charge
separation step is assumed to occur entirely from the Q band, which is generated within the RC
in under 100 ps in order to activate the ensuing charge separation.*?® Rapid relaxation from
the B band to the Q band is thus imperative in order to trigger the conversion of the electronic

excitation into chemical energy.

This relaxation is not only fundamental for the process of photosynthetic light-harvesting, but
its efficiency is also essential for photoprotection of the biological system. Ultrafast and efficient
conversion of higher-lying singlet excited states (S,) to the lowest-lying singlet excited state (Sq,
on the Q band) inhibits the otherwise harmful conversion of the excitation into triplet states

accessible via intersystem crossing. The possibility for ultrafast internal conversion from S, to
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S1 thereby provides a safe pathway to deactivate routes to potentially dangerous states that
cause photodamage on exposure to intense illumination, in a process termed non-photochemical
quenching 183353 Access to this ultrafast and highly efficient relaxation thus not only promotes
the efficiency of the photosynthetic process but also protects the organism from photodamage
and preserves its robustness under operational conditions. However, while the charge separation
mechanism has been investigated extensively,**! the crucial relaxation from the higher-lying B

band to the Q band has received little attention thus far %

The ultrafast timescale of primary processes prohibits their comprehensive investigation with
commonplace transient absorption (TA) measurements that allow time resolutions of approxi-
mately 100 fs#*¥ However, developments in the field of ultrafast spectroscopy have rapidly ad-
vanced the applicability of these techniques to sub-picosecond elementary processes.**® Specif-
ically, over the last two decades, access to temporally-compressed pump pulses owing to com-
mercially available chirped mirrors has driven the time resolution of TA spectroscopy to under
10 fs22% Such fine temporal resolution therefore now facilitates the observation of ultrafast

rudimentary processes by TA techniques.?**

In section 5.3.2, standard TA techniques with approximately 100 fs time resolution and sub-10
fs TA spectroscopy were both applied to investigate the ultrafast photoinduced dynamics within
Synechocystis cells in vivo. The longer time resolution measurements were employed to confirm
assignments of the observed features to fundamental transitions within chlorophyll-a. The same
photophysical species were then probed with higher time resolution measurements. Subsequent
deconvolution by global analysis allowed the elucidation of the sub-picosecond dynamics within
the photosystem, quantifying the timescale of internal conversion from S, to S; to be 45 fs
in vivo. Furthermore, Fourier transformation of the time domain data afforded wavelength
domain spectra, allowing detection of vibrational features by this impulsive technique. Multiple

reproducible vibrations were observed, with those at 375 cm™ and 500 cm™!

corroborated by
previous studies in vitro X357 The study thereby demonstrates the feasibility of investigating
sub-picosecond dynamics in whole microorganisms @n vivo, illustrating an exciting experimental

step in the examination of photosynthetic systems.
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5.2 Experimental details

5.2.1 Sample preparation

All samples were prepared according to the methods described in section 2.1.

5.2.2 Steady-state absorption spectroscopy

Steady state absorption spectra were measured using the technique outlined in section 2.2.1.

5.2.3 Steady-state photoluminescence spectroscopy

Steady state photoluminescence spectra were measured according to the procedure described

in section 2.2.2.

5.2.4 Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) measurements were carried out according to

the technique described in section 2.4.

5.2.5 Incident photon-to-electron conversion efficiency

Incident photon-to-electron conversion efficiency (IPCE) measurements were carried out using
the setup developed as described in section 2.2.3. All biophotovoltaic devices were submerged in
MES buffer (Sigma-Aldrich) in order to facilitate water splitting and thus enable their function
as biophotoanodes. These were incorporated into an electrochemical cell using a platinum

counter electrode.
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5.2.6 Transient absorption spectroscopy

TA spectra with ~100 fs pump pulses were obtained using the experimental setup outlined in
section 2.3.2. A 500 pum sample path length was used with constant stirring of the suspension
in order to enhance the longevity of the measurement. TA spectra with ~10 fs pump pulses
were collected using the experimental setup described in section 2.3.5 with a 50 pm path length

in order to preserve the high time resolution.

5.3 Results and discussion

5.3.1 Comparison of the photosynthetic processes within biophoto-

voltaic devices #n vitro and cyanobacteria cells in vivo

Preliminary measurements were carried out to verify the detection of photocurrent from Syne-
chocystis cells when adsorbed to an I'TO electrode and incorporated into an electrochemical cell,
using a monochromatic continuous-wave laser. Figure 5.1 summarises the confirmation of pho-
tocurrent detection using 675 nm excitation, resonant with chlorophyll-a So— S; absorption,

as well as the linear relationship between light intensity and photocurrent.

The detection of photocurrent by continuous-wave illumination, in conjunction with the neg-
ligible photocurrent observed for bare electrodes, confirms that the preparation technique of
dropcasting the cyanobacteria cells onto electrodes successfully produces photoactive biofilms.
The linear relationship between light power and photocurrent confirms that photosynthetic
light-harvesting is being observed before the saturation point. Previous BPV studies have
shown that photocurrent increases with light power until it reaches intensities that are too high
and damage the photosynthetic machinery. At this point, the current becomes saturated or
depleted 1722328358 Hence this measurement confirms the presence of a linear regime within the
relationship between intensity and current, such that any subsequent measurements within this

region can be assumed to be light-limited as opposed to operating in the saturation regime.
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Figure 5.1: a): Generation of photocurrent by continuous-wave illumination (675 nm, 255
pWem™) switched on at 30 s, 90 s and 150 s, and switched off at 60 s, 120 s and 180 s. A
bare electrode control measurement is also shown for evidence of cyanobacteria contribution.
b): Linear relationship between photocurrent and light intensity.

The TPCE spectrum of the Synechocystis BPV was obtained and compared with the well-
understood absorption spectrum that is characteristic of photosynthetic light absorption in
cyanobacteria. It was therefore verified that the detected electrons originate from photosyn-
thetic pigments. The IPCE spectra of biophotovoltaic devices prepared with isolated PSII
- rather than whole cyanobacteria cells - were also measured for comparison. The resultant

spectra are shown in figure 5.2.

It is clear from the raw IPCE spectrum (figure 5.2a) that the IPCE for the isolated PSII devices
is appreciably greater than for in vivo cells, affording approximately ten times the photocur-
rent at wavelengths corresponding to the absorption maxima. This is an expected result due
to the density of photoactive pigments within the sample. The cyanobacteria cells occupy
approximately 1.6 um diameters on the electrode, of which a minor contribution comes from
photosynthetically active complexes, while the PSII films are entirely composed of these nm-
sized proteins*** Therefore, the quantity of chromophores and systems for charge separation
is dramatically greater for PSII films than for cyanobacteria films. Hence in order to directly

compare the shapes of the spectra, the results were normalised and are presented in figure 5.2b.
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Figure 5.2: a) Raw IPCE spectra for isolated PSII and Synechocystis cells. (b) Normalised
IPCE spectra for isolated PSII and Synechocystis cells, as well as absorption spectra for Syne-
chocystis cells in suspension.

The PSII IPCE spectrum shows significant agreement with the absorption spectrum of the in
vivo cells, even showing shoulder peaks at 570 nm and 625 nm arising from phycocyanin antenna
pigments within the phycobilisomes®*? These, as well as the dominant peak from chlorophyll-a
ground state absorption at 670 nm, are slightly blue-shifted relative to the cells’ absorption
spectrum. This is attributed to the interactions between PSII and its surrounding environment

1 vivo, which causes a slight relaxation of the energy level compared to the isolated PSII.

There is a vast discrepancy between the PSII IPCE spectrum and cells’ absorption spectrum
in the region of 400-430 nm. There is contribution to the absorption from carotenoid antenna
pigments in this region.#*®Y However, it should be exceeded by the chlorophyll-a higher-lying
absorption - which peaks at 440 nm - due to the overwhelming majority of chlorophyll-a pig-
ments compared to carotenoids, as is evident in the absorption spectrum. This discrepancy
is suggested to arise due to contributions from the ITO electrode which was determined to
absorb blue light in control measurements. Otherwise, it can be confirmed that the PSII BPV
generates photocurrent directly from photosynthetic absorption processes by the resemblance

between the two spectra.

The in vivo cyanobacteria IPCE spectrum bears poorer resemblance to its absorption spectrum

compared with isolated PSII. However, there is definite photogeneration of charges within the
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principal absorption regions of blue and red light at the far edges of the spectrum, with the
minimum at 550 nm consistent between both spectra. The contrast between the spectral
features in the PSII vs. cyanobacteria cells IPCE is attributed to the significantly lower signal-

to-noise ratio caused by the tenfold lower photocurrent amplitude in wvivo.

With such low photocurrent amplitudes, contributions to the signal were often overwhelmed by
electrical background currents which made data collection much more complicated for in vivo
samples than for isolated PSII. In an attempt to combat this, the IPCE setup was optimised and
developed by first automating its operation such that it could be run for several repeat scans to
increase the signal-to-noise ratio. The background electrical contributions were also excluded
by implementation of lock-in amplification and a Faraday cage to isolate the photoinduced

electrical signals coming from the electrochemical cell only.

Despite the poorer quality of the cyanobacterial cells’” IPCE spectrum compared with isolated
PSII, this data confirmed that the detected photocurrent originates from photosynthetic absorp-
tion processes due to the general agreement between the key spectral regions. The photocurrent
generated by 675 nm excitation (as shown in figure 5.1) was thus interpreted to arise from ab-
sorption within the photosynthetic pigments and was selected for the subsequent time-resolved

measurements.

Using a 675 nm continuous-wave laser, a Synechocystis BPV was illuminated in an electrochem-
ical cell and the laser modulation frequency given by an optical chopper was varied. Figure 5.3
shows the variation of photocurrent amplitude with modulation frequency, which can be seen

to undergo significant suppression with increasing frequency.

The attenuation of photocurrent with increasing modulation frequency is an expected result
and can be understood according to the Cole-Cole model for dielectric relaxation in disordered
systems.#%! In this case, the Cole-Cole equation can be implemented to quantify the lifetime of
the diffusion limit of a random walk of photogenerated charges®%? The data can be modelled

according to the following equation:

C
= — 1
Current (1 +iwr)e (5.1)
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Figure 5.3: Photocurrent detected with 675 nm excitation for a BPV comprising in vivo Syne-
chocystis cells, as a function of laser modulation frequency given by an optical chopper.

Where C'is the static dielectric constant, w is the angular frequency and 7 is the diffusion time
constant. The attenuation curve in figure 5.3 was thereby modelled according to equation 5.1
to extract the time constant, which was quantified to be 0.0083+£0.0026 s. This signifies that
on photoexcitation in chlorophyll-a pigments, the time required for photogenerated charges to

reach electrodes for collection is approximately 8 ms.

The transport of free charges generated during photosynthesis along the electron transport
chain is understood to occur on the milliseconds to seconds timescale, although the precise

363 Tn order for direct electron transfer

lifetimes of each charge transfer step is not known.
across the membrane and also for indirect electron transfer via pili to be possible, charges must
not only travel out of the reaction centre but must also diffuse through the cell cytoplasm to
reach the membrane in order to meet the electrode interface. Cellular diffusion is also expected
to occur on the millisecond to second timescale.** Therefore, the 8 ms Cole-Cole derived
timescale is considerably fast compared to the proposed mechanisms of direct electron transfer
and pili-mediated electron transfer, thus precluding their action. This therefore suggests that

electron transfer occurs by the indirect electron transfer process mediated by redox species, as

was suggested by aforementioned electrochemical studies. !4

Thus far, BPV devices employing cyanobacteria are largely assumed to retain in wvivo be-
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haviours and photosynthetic processes. However, it is highly plausible that the immobilisation
of microorganisms onto conductive electrodes would impact their photoinduced dynamics. The
natural photosynthetic apparatus is exposed to an external electron sink when incorporated into
a BPV which establishes a new equilibrium amongst the redox processes involved in photosyn-
thesis, the impact of which remains unknown*?? In order to investigate the extent to which
this electrode wiring influences the temporal evolution of states within cyanobacteria cells, TC-
SPC was employed to elucidate the photoluminescence (PL) quenching dynamics within cells
in solution (which were therefore doubtlessly exhibiting in vivo equilibrium behaviour) as well
as within those immobilised onto electrodes. This technique allows the application of the same
detection regime and measurement conditions to both solution samples and biofilm samples,

allowing direct comparison between biofilm cells and free cells.

A 635 nm excitation wavelength was selected, resonant with phycobilisome absorption, which
was meastred using steady-state PL spectroscopy to be highly emissive.**® Figures 5.4a and b
show the PL spectra for cells in solution and those immobilised onto electrodes, respectively,
as a function of both excitation and emission wavelengths. The 400-450 nm excitation range is
assigned to the chlorophyll-a absorption from Sy to a higher-lying excited state, S,. The broad
and strong PL signal spanning the 600-700 nm excitation range is assigned to a combination of
phycobilisomes and the chlorophyll-a Sq — S; transition, either by direct absorption within the
RC or by absorption within the antenna pigments followed by subsequent energy transfer to
chlorophyll-a resulting in formation of its S; state. Both samples are evidently strongly emissive
in the red region. Figure 5.4¢ shows a slice of the solution sample at 635 nm excitation, depicting
a strong PL signal with a peak at 714 nm. This wavelength was thus selected as the detection

wavelength for subsequent TCSPC measurements.

Figure 5.4d shows the time-dependent PL quenching for cells in solution and those incorporated
into a device by immobilisation on an electrode. The grey IRF trace represents the instrument
response function. It is evident that PL quenching is accelerated within cyanobacteria cells
when wired to electrodes in contrast with those in solution, even when the electrode is not

connected to a circuit or exposed to applied bias.
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Figure 5.4: Steady-state photoluminescence spectra of a) Synechocystis cells in suspension
and b) Synechocystis cells immobilised onto electrodes. c¢) Steady-state photoluminescence
spectrum of Synechocystis cells in suspension following 635 nm excitation. b) PL quenching
dynamics of cells in solution and those wired to an electrode to afford a BPV device. IRF =
instrument response function.

Both traces were fitted to biexponential curves to quantify their decay lifetimes and in both

cases a picosecond component and a nanosecond component were observed, which are sum-

marised in table 5.1.

Both components to the decay were found to be three times faster

in cyanobacteria cells when wired to electrodes by contrast with those in buffer solution.

Cell environment | Fast decay component / ps
Solution

BPV device

Slow decay component / ns
3.84 £ 0.03
1.29 + 0.01

634 £ 4
200 £ 1

Table 5.1: Time constants for PL. quenching in cyanobacteria cells in solution and those immo-
bilised onto an electrode to afford a BPV device.
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The accelerated PL quenching reveals that the dynamics of photoinduced processes within
cyanobacteria cells are significantly influenced by their wiring to electrodes. This finding em-
phasises the extent to which the photosynthetic mechanisms in BPVs are not yet understood.
Therefore, these results demonstrate that considerable further work is required in order to fully

understand the generation of electrical current in photobiotechnology.

5.3.2 The ultrafast photoinduced dynamics of photosynthesis in vivo

Transient absorption spectroscopy with ~100 fs pump pulses

Figure 5.5 shows the TA spectrum of a suspension of Synechocystis cells in vivo, dispersed
in solution with MES buffer, measured according to the method detailed in section 2.3.2.
This data was collected following excitation with a 440 nm pump, resonant with the dom-
inant higher energy absorption of chlorophyll-a, measured in the visible probing region .=
The main features are the photoinduced absorption spanning from 600-675 nm, and the
ground state bleach (GSB) from 675-775 nm. The former has been previously assigned in
the literature (in studies on isolated PSII) to chlorin excitons and anions, while the lat-

ter is well understood to arise as a result of the chlorophyll-a Sq — S; absorption 2¢¢367
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Figure 5.5: a):Transient absorption spectrum of cyanobacteria cells in suspension dispersed in
MES buffer solution following 440 nm pump excitation (50 nJ, 100 fs time resolution).
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There is also some contribution to the feature at 695 nm from the stimulated emission (SE)
component. Figure 5.4a shows the photoluminescence spectrum of the suspension of cyanobac-
teria where the 600-700 nm excitation range is assigned to the chlorophyll-a S; state. This
spectrum reveals that the S; state on chlorophyll-a is highly emissive, hence it is expected that

a large contribution to the negative feature in the TA spectrum arises from SE.

Both signals in the TA spectrum can be observed to decay gradually over the 6 ns timescale
of the measurement, consistent with the timescale of separated charges being transferred into
the electron transport chain previously observed in bacterial reaction centres.*®® However, the
ingrowth of further signals was not detected here and thus it is not possible to experimentally
confirm their formation. This measurement was predominantly used to confirm the presence of
signals assigned in the literature arising from PSII in order to verify our understanding of the

photoinduced processes in vivo and hence to inform the following ultrafast measurements.

Transient absorption spectroscopy with sub-10 fs pulses

The TA measurements were then repeated with the experimental technique described in section
2.3.5 with sub-10 fs pump pulses in order to achieve higher time resolution. Due to the temporal
pulse compression, the pump pulse undergoes a degree of spectral broadening and the following
data were collected using a 395-420 nm pump pulse. We maintain the assumption that this
pump wavelength excites chlorophyll-a to its higher-lying excited state, S,. The resulting
spectrum is shown in figure 5.6a for the 1 ps timescale of the measurement. The dominant PIA
and GSB/SE features from the slower TA are still present on the sub-picosecond timescale.
The PIA can be observed to redshift over the timescale of the measurement, which has been
observed previously on slower timescale measurements of isolated PSII. Furthermore, there
is an additional GSB feature at 750 nm which has not yet been detected in the literature.
Current ongoing work carried out by our collaborators, employing mutant cells and isolated

photosystems, suggests that this feature originates from PSI.

Comparison of the temporal evolution of the dominant GSB feature and the PIA reveals that

the two states have different rise times. The kinetics were extracted from the 635665 nm and



5.3. Results and discussion 107

685-705 nm regions for the PIA and GSB respectively. The data were fit to monoexponential
functions to quantify the lifetime of the growth of the signals and are plotted in figure 5.6b. The
time constants associated with the rise of the GSB and PIA signals were found to be 33 fs and
66 fs, respectively. This confirms that the two spectral features must be assigned to distinct
photophysical states; it is not possible that they originate from the same photoexcitation event,
as the GSB is formed somewhat instantaneously while a delayed onset is observed for the PIA.
Both features show flat dynamics after their initial rise, which is expected on the sub-picosecond
timescale given that both were observed to decay on the timescale of hundreds of picoseconds

in the slower TA measurement.
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Figure 5.6: a): Transient absorption spectrum for cyanobacteria cells in vivo in suspension
dispersed in MES buffer solution with a 395-420 nm pump (320 pW, ~12 fs time resolution).
b) The kinetics extracted for the PIA and 695 nm GSB feature.

Global analysis was implemented to deconvolute the spectrum into distinct photophysical
species in order to understand the above dynamics. The resultant spectra and kinetics of
the components are shown in figure 5.7. The spectrum was resolved into two species: the GSB
feature peaking at 680 nm, assigned to chlorophyll-a ground state absorption, and a second
component comprising both the PIA and the SE. The fact that the PIA and SE are formed
on the same timescale indicates that they originate from the same state. The kinetics reveal
that the GSB feature is formed instantaneously on pump absorption and decays very promptly.
The two components are assigned to the S; and S, states on chlorophyll-a, which is explained

in the following discussion. The assignments are corroborated by a prior study in which identi-
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cal deconvoluted spectral components are observed in isolated chlorophyll-a molecules and are

therein also assigned to S; and S, B4

Both components were fit to a monoexponential curve and time constants were derived to
be 45+0.7 fs and 4342 fs for GSB decay and PIA/SE onset respectively. The remarkable
synchronicity of these processes indicates that the excited state formed by chlorophyll-a ground
state absorption subsequently evolves to form the species represented spectrally by the PTIA /SE
component. The kinetics in figure 5.7 also make this apparent by eye, where the two traces
appear to perfectly mirror each other, illustrating the process of the initial state evolving to

form a new state.
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Figure 5.7: Spectra (a) and kinetics (b) for the two photophysical components extracted from
the TA spectrum in figure 5.6 using global analysis.

Collating the observations, the following model was devised to rationalise the sub-picosecond
dynamics observed in TA spectroscopy and is illustrated in figure 5.8. The broad blue pump
excites chlorophyll-a from its ground state to the higher-lying S, state. This instantaneously
depletes the 680 nm Sy — S; transition due to depopulation of the ground state resulting in
instantaneous bleaching at 680 nm. On a slower timescale, the S; state is formed, resulting
in the onset of detection of PIA from S; to S, as well as SE from S; to Sg. The GSB arising
from excitation to S, simultaneously begins to decay as S, is depopulated while photophysical
processes originating from S; begin to emerge as the S; population grows, as is observed in the

concomitant dynamics of the processes. This indicates that the S, state evolves to form the
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S state. It is well understood that the higher-lying excited states on chlorophyll-a undergo
rapid internal conversion to S;, from which 100 % of the subsequent charge separation steps
occur, in order to then trigger charge transport along the electron transport chain. Previous
studies by Meneghin et al. employing two-dimensional electronic spectroscopy have reported
an ultrafast component to the internal conversion from S, to S; that was estimated to occur
with a 40 fs timescale®>” This is in remarkable agreement with the timescale derived herein by
global analysis and we therefore attribute this delayed rise of the S; component to its formation
by internal conversion from S,,. The lifetime of this process in vivo is thereby quantified to be

45 fs from the fits to the kinetics from global analysis.
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Figure 5.8: Energy level diagram of the photophysical model proposed to rationalise the sub-
picosecond dynamics observed in TA measurements.

As discussed in section 2.3.5, the dynamics of the spectroscopic signal in high time resolution
TA measurements can exhibit oscillations as a result of the temporal evolution of the vibrational
wavepacket 2*? The frequencies of these oscillations correspond to vibrational frequencies on
the excited state which can be retrieved by Fourier transformation of the time domain signal.
The Fourier transform was thus applied to the time domain data from the sub-10 fs TA mea-
surements in order to observe the signals in the frequency domain. Figure 5.9 shows the spectra
derived by this analysis in the S; — S,, PIA region for three separate repeat measurements in

order to verify the reproducibility of the findings.

It should be noted that at the time of writing this thesis, this part of the project is very much
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in its infancy. There are therefore imperfections to the approach discussed herein with several
implications for further work and improvement. In this context, the principal limitation is that
these three measurements were carried out with different time resolutions of 10 fs, 5 fs and 2
fs (for figures 5.9 a, b and, ¢ respectively). This is reflected in the sharpness of the peaks in

figure 5.9¢ in contrast with the relatively broadened peaks in figure 5.9a.
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Figure 5.9: Frequency-domain data extracted by Fourier transform of the sub-picosecond TA
spectrum in figure 5.6 to afford excited state vibrational spectra of in vivo cyanobacteria cells
from three different measurements to demonstrate reproducibility.

Several frequencies were detected in these measurements with the key features appearing at 60
ecm™, 250 em™, 375 em™ and 500 em™. The reproducible nature of these oscillations across the
three measurements confirms the in vivo detection of vibrational states on the excited state
within the cyanobacterial cells. As the analysis is carried out on the PIA region where the most
prominent oscillations were detected, these oscillations are interpreted to involve the vibrational

manifold on the chlorophyll-a S; electronically excited state.

The oscillations detected at 375 cm™ and 500 cm™ are in significant agreement with those
previously attributed to vibronic states on Sy, reported at 340 cm™ and 510 cm™ I73B57 Both
prior studies were carried out on isolated photosystems, whereas here they are detected in vivo.
Hence the small discrepancies in oscillation frequencies could arise due to the interactions of

the reaction centre with its surrounding medium, affecting the energy levels of the vibronic
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states in the systems studied herein, which does not occur when they are isolated.

Moreover, our assignment of the dynamics on the PIA to ultrafast internal conversion from S,
to S; indicates that the observed vibrations are coupled to this relaxation process. In particular,
the study by Meneghin et al. concluded that this ultrafast internal conversion involves vibronic
states at 510 cm™ within the manifold on S;3°” This is consistent with our detection of 500
cm™! vibrations within S;. It is also otherwise well-established that vibronic states on S; are
involved in electronic relaxation from higher-lying states in photosynthetic light-harvesting #**
We therefore suggest that this is an exciting result demonstrating the in vivo measurement of

the vibrational energy levels coupled to the S; excited state in cyanobacteria.

5.4 Conclusions

In this work, the photosynthetic processes within Synechocystis cyanobacterial cells in vivo were
investigated by a range of electrochemical and spectroscopic techniques. Spectroelectrochemical
measurements were employed to quantify the timescale of charge diffusion from the photosystem
to the electrode in cyanobacteria biophotoanodes. The timescale was determined to be 8 ms,
suggesting the action of an indirect electron transfer mechanism at the cell-electrode interface
via redox species. TCSPC revealed that PL quenching occurs much faster in cyanobacteria cells
when immobilised on electrodes compared to those in their natural state in solution, suggesting
the incorporation into a BPV device drastically influences the photoinduced dynamics within

the cell.

Transient absorption spectroscopy with sub-10 fs pump pulses was used to interrogate the sub-
picosecond dynamics in cyanobacteria cells in vivo. Deconvolution of the data by global analysis
shows internal conversion from S, to S; occurring with a 45 fs lifetime, consistent with previous
reports. Application of the Fourier transform facilitated observation of oscillation frequencies
arising from vibrational levels within the manifold of vibrational states on S;. This result
therefore presents the first implementation of impulsive vibrational spectroscopy by the sub-10

fs pump-probe technique in photosynthetic light-harvesting in vivo, with promising implications



112 Chapter 5. Time-resolved spectroscopic studies of photosynthesis in cyanobacteria

for future investigations. The ability to directly probe the excited state vibrational spectrum
and its temporal evolution in wvivo, rather than in an artificial representative system, unlocks
the potential to expose the true photophysical nature of biological light-harvesting. Observing
these dynamics on living microorganisms can thus provide crucial lessons by which to inform

our development of highly-efficient photovoltaic materials.



Chapter 6

Conclusions and Outlook

In this thesis, spectroscopic tools were employed to investigate the fundamental photophysical
behaviours in a diverse range of “soft” photovoltaic materials. Organic, hybrid and biological
systems were explored in an attempt to rationalise their light-harvesting characteristics in terms
of their time-resolved photoinduced mechanisms. With this approach, it is possible to expand
our understanding of the photovoltaic processes within next-generation solar cell materials,
as well as in biological systems that are billions of years ahead of us in their optimisation of
efficiency. The conclusions derived from these studies thereby provide invaluable lessons for the
design of state-of-the-art solar cells in order to realise efficient, low-cost and environmentally

friendly energy generation.

6.1 Conclusions

Chapter 3 considered the photophysical consequences of regioisomeric molecular tuning in two
systems employing small molecules for OPVs. A pair of push-pull molecules, structurally identi-
cal aside from a 1-carbon displacement of an alkyl chain, were studied due to interesting results
revealing that they exhibited opposite operational behaviours in OPVs. This minor structural
modification was reported to invert the molecule’s preference for operation as a donor or accep-

tor component and the study presented herein investigated this contrast by transient absorption

113
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spectroscopy.*™ Global analysis of the time-resolved data rationalised the device performances
of the D:A blends in terms of exciton dissociation and charge carrier recombination lifetimes.
The second study examined optoelectronic consequences of the position of a chalcogen substitu-
tion on a commonly employed NFA. Transient absorption spectroscopy and subsequent global
analysis exposed stark differences in the materials’ charge separation dynamics when blended
with a donor polymer. The discrepancy in the NFA’s exciton diffusion lifetimes were justified
in terms of blend morphology, which was found to be heavily influenced by the regioisomeric
structure. Together these studies emphasise the intricacy of the structure-function relationships

in candidate molecules for OPVs.

In chapter 4, the focus was shifted from photovoltaic performance to the operational stability
of prospective components. Like chapter 3, the discussion was approached from the perspective
of two distinct studies in order to provide a thorough demonstration of the unique and diverse
applications of time-resolved spectroscopic tools. Transient absorption spectroscopy of a blend
containing a small molecule donor and a fullerene acceptor unveiled an unprecedented intrinsic
photoprotection mechanism, granting the material exceptional stability relative to analogous
blends. The same experimental technique was also applied to a range of quantum dot solar cell
devices employing varied charge extraction layers in order to elucidate the charge trapping dy-
namics and reconcile them as a consequence of degradation. This chapter thereby highlighted
the nuanced relationship between photovoltaic materials and operational stability. More im-
portantly, however, this work illustrated the great potential of ultrafast spectroscopy for the
deconvolution of degradation and photoprotection mechanisms, where operational stability has
conventionally been investigated by steady-state methods. This chapter also emphasised the
significant impact that device architectures and charge extraction layers have on device stabil-
ity, thus depicting the importance of implementing time-resolved spectroscopic techniques on

complete devices rather than focussing only on active layers.

Chapter 5 presented a sidestep from the conversation around synthetic soft semiconductors
by delving into photosynthetic light-harvesting. Both steady-state spectroelectrochemical and
time-resolved spectroscopic methods were implemented to characterise biophotovoltaic devices

employing whole cyanobacteria microorganisms in vivo. The results shed light on exoelectro-
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genesis mechanisms while highlighting the presence of fundamental gaps in our understanding
of the operation of these systems. Application of transient absorption spectroscopy with sub-
picosecond time resolution to the in vivo cells provided significant insight into the ultrafast
photoinduced processes within the photosynthetic apparatus. Observation of periodic modu-
lations to the signal allowed construction of a vibrational spectrum by Fourier transformation
thus facilitating the impulsive measurement of the excited state vibrational spectrum of the
system. The results of this study therefore not only elucidated the photophysical processes
within the photosynthetic reaction centre but also demonstrated the applicability of advanced

spectroscopic techniques to highly complex biological systems.

6.2 Outlook

6.2.1 Maximising OPV performance

This thesis evinces considerable consequences of seemingly insignificant molecular modifications
on the optoelectronic properties of OPV devices. Logical extrapolation of this argument leads us
to the notion that there exists an infinitely large pool of possible molecules for better-performing
organic semiconductors. Experimental analysis of each new candidate for OPV application ne-
cessitates expensive synthesis, purification and device fabrication procedures for the iterative
enhancement of performance. Design principles have been widely accepted to demand incor-
poration of electron-rich cores, m-spacers and flanking electron-withdrawing motifs. However,
the infinite number of potential combinations of these moieties means that conjecture remains
around the subject of performance-targeted structure optimisation. High-throughput virtual
screening therefore presents a cheaper approach for characterising a molecule’s applicability to
photovoltaic devices by computing their optoelectronic properties and thus ascertaining new

371372

design principles for OPV components. Indeed, the rapid screening of millions of different

organic molecules has resulted in the recent proposal of promising new contenders ™

However, the presently applied model in this approach employs density functional theory, cal-
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culating only the frontier molecular orbitals of the molecules*™ It therefore does not accu-
rately compute PCEs of photovoltaic materials. Developing this technique to integrate machine
learning for direct PCE calculation could introduce remarkable advances in the efforts to find
next-generation OPV materials, as has already been demonstrated in the discovery of novel

ST53T8 Recent reports have thereby developed machine learning models

drugs and materials.
to calculate efficiencies and screen tens of thousands of molecules for OPVs, exposing new
design principles for the relative combinations of the key building blocks in organic semicon-
ductors 2580 Nonetheless, computational prediction of the optoelectronic characteristics of
candidate molecules is still a long way from accurately determining their behaviours when
blended with another component in a bulk heterojunction and sandwiched between charge ex-
traction layers and electrodes. Hence a combination of machine learning predictions together

with time-resolved spectroscopic techniques and device performance measurements could pro-

vide a powerful tool for the efficient and cheap discovery of new molecules for OPVs.

Arguably the most important consideration for advancing the efficiency of next-generation
photovoltaic devices is geminate recombination (GR). As the principal process of charge re-
combination in OPVs, GR essentially determines the overall efficiency of the material **! The
intrinsic complexity arising due to intricate morphologies, charge mobilities, charge traps and
disorder within OPVs mean that a complete picture to comprehensively understand GR is still
in its developmental stages. Results from time-resolved experiments revealed that spin plays
a key role in recombination processes; Rao et al. showed that GR produced triplet excitons
in some polymer:fullerene blends which induced energy loss due to annihilation of triplets by
charges.”® Combination of these results with steady-state performance measurements should
provide routes for better characterisation of GR losses and their triggers in order to form

methods for the suppression of recombination.

6.2.2 Towards operationally stable organic solar cells

While the ever-advancing efficiencies of soft materials for photovoltaics is exciting, the gen-

eral lack of operational stability exhibited across this field remains a major hurdle inhibiting
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their commercialisation. Perpetual effort to enhance device performances remains futile if they
are never to be applicable to real-world operation, potentially manifesting years of wasted
research efforts. This thesis presents an interesting perspective on this subject by ultrafast
spectroscopy, which is sparsely-employed in the consideration of stability. This work indicates
that the application of time-resolved spectroscopic methods can better elucidate degradation
and photoprotection processes in order to better our understanding of how to improve the

longevity of photovoltaic devices.

In particular, the direct observation of an ultrafast photoprotective mechanism presents a
promising result which should be investigated further. Harnessing this effect such that it can
be achieved by design, in conjunction with molecular optimisation for maximisation of device
efficiency, offers a new and exciting opportunity for the union of impressive photovoltaic perfor-
mance and appreciable stability. Specifically, the system studied in chapter 4 exhibited a PCE
of 8 % which could be enhanced by molecular tuning, in parallel with investigation of the ul-
trafast dynamics in order to investigate whether the photoprotective mechanism is maintained
or suppressed.?? It could thus be possible to deliberately preserve the intrinsic photoprotec-
tion mechanism that is fundamental to this material’s stability, while simultaneously tuning its
optoelectronic properties in order to boost its efficiency. This approach could hence grant a

promising pathway to developing the industrial applicability of soft materials for photovoltaics.

6.2.3 Ultrafast spectroscopic techniques for investigating photosyn-

thesis

The work in this thesis provides an intriguing outlook for the application of complex tran-
sient spectroscopic methods to in vivo biological systems. Time-resolved techniques have been
applied extensively to isolated photosystems and photosynthetic chromophores in the liter-
ature #8398 However, the nuanced relationships between these biomolecules and their na-
tive environment hinders these experiments’ ability to truly represent the optical dynamics of

photosynthesis in vivo. Surprisingly, the measurements presented in chapter 5 afforded clear

spectroscopic signals aligned with those reported in isolated photosystems with remarkable
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simplicity. By observation of sub-picosecond dynamics for impulsive vibrational spectroscopy,
this study pushed the boundaries of the implementation of ultrafast spectroscopy for in wvivo
microorganisms. Going forward, by employing mutant cells lacking certain pigments, the vibra-
tional spectra of relevant chromophores within the in vivo system can be measured by Raman
spectroscopy®™® in order to assign the wild type spectrum. Alignment of these two techniques
could provide an effective approach for the direct observation and assignment of excited state
vibrational spectra in biological microorganisms in vivo in order to accurately represent their
natural photosynthetic machinery. This could therefore present encouraging implications for
better elucidation of the ultrafast processes entangled within photosynthesis concerning molec-
ular structure and dynamic disorder. Thereby gleaning lessons from nature about methods
for achieving highly-efficient solar light-harvesting, it could be possible to optimise the design
of state-of-the-art soft photovoltaic materials such that they could outcompete unsustainable

energy resources.
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PCroBM absorption
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Figure A.1: Steady-state near-IR absorption spectrum of neat PC,BM film.

119



Appendix B

AgBiSo absorption
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Figure B.1: Steady-state UV-visible absorption spectra of neat AgBiS, films at varying dura-
tions of exposure to light and Os.
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