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Abstract

This thesis is concerned with energy transport processes in a series of low-bandgap copolymers,
solution processable hybrid organic-inorganic perovskite materials, and donor-acceptor triad dyes
which are used in photovoltaic cells and solar concentrator devices. These processes are investigated
using time-resolved photoluminescence (PL) spectroscopy techniques which allow the investigation
of transport processes with sub-ps time resolution.

Two donor-acceptor-donor triad dyes composed of perylene bisimide units are compared, and
rapid energy transfer (< 2ps) from the donor to a central bay-substituted PBI unit is observed
in both molecules. For the linear molecule, in which the transition dipole moments corresponding
to the lowest singly excited state are all aligned along the molecule long-axis, such rapid energy
transfer is shown to be consistent with predictions of a modified Forster model which takes into
account both the delocalisation of the excitation and the short donor-acceptor separation. When
the dipole moments of the donor units are perpendicular to that of the central acceptor however, this
model is found to strongly underestimate the energy transfer. The energy transfer is found to arise
due to a combination of both through-space (Forster type) and through-bond energy transfer, the
latter of which is mediated by molecular torsions which break orthogonality and enable conjugation
between the two units. This rapid energy transfer also coincides with either retention or rotation
of polarisation between absorption and emission. These dyes are therefore shown to be promising
candidates for use in luminescent solar concentrators (LSC), as rapid intramolecular energy transfer
and control of the emission polarisation are two features which can help to reduce self-absorption
and escape losses in LSC devices.

The effect of chemical structure on the morphology, energy transport properties and overall
photovoltaic device efficiency is determined for a series of low-bandgap polymers comprising ben-
zodithiophene donor and benzothiadiazole acceptor units. Photovoltaic devices incorporating poly-
mer:fullerene blends are found to yield devices with power conversion efficiencies of up to 6%, with
the highest PCE observed in devices which form films exhibiting a very low degree of crystallinity
in X-ray diffraction patterns and a corresponding low surface roughness in thin films.

The influence of crystallite formation on energy transport is probed by time resolved PL quench-
ing of polymer films on a TiO2 quenching layer. Exciton diffusion lengths in these films are standard
for low-bandgap polymers, ranging from 4 to 7.5nm. The diffusion length is found to be higher in
films with a higher degree of crystallinity, however direct PL quenching measurements on poly-
mer:PCBM films show however that the vast majority of generated excitons are found to reach an
interface and dissociate within 1 ps, showing that exciton diffusion does not present a bottle-neck
for device efficiencies. From these observations it is concluded that the boundaries between crys-
talline and amorphous domains may impede charge extraction at the charge densities found during
photovoltaic operation.

Finally, the distance over which electron-hole pairs can diffuse before decay or trapping is inves-
tigated in two organic-inorganic hybrid perovskite structures (CH3NH3PblI3_,Cl,) by monitoring
the rate and degree of PL quenching in the presence of either an electron or hole acceptor material.
The diffusion lengths observed in these materials are on the order of 100 nm for the triiodide per-
ovskite (x = 0), and over 1um in the mixed halide material (z > 0). These diffusion lengths are
extremely long compared with those observed in other solution processable materials and explain
the very high power conversion efficiencies that have been reported in photovoltaic cells containing
these and similar perovskite materials. The longer diffusion lengths in particular correlate with good
power conversion efficiency when a planar device geometry is used. Similar cells using the triiodide
material however show poor efficiencies, attributed to the smaller diffusion length in this material.
Application of the PL quenching technique to determine diffusion lengths is therefore shown to be a
useful and simple method by which the suitability of a given perovskite material for use in a planar
PV cell can be determined.
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Chapter 1

Introduction

Placing a larger emphasis on renewable sources as part of total global energy produc-
tion is an effective way of reducing exposure to volatile prices of oil and other fossil
fuels, and will play an increasingly important role in meeting the target of limiting the
rise in global average temperatures to 2°C as agreed in the United Nations Framework

[217

Convention on Climate Change.'” Of all available renewable energy sources, solar

energy stands out as one of the most promising when considering that the total solar
energy incident on the Earth’s surface is approximately 885 million TWh annually. !
This is an amount far in excess of the ~ 10.4 TWh of energy used globally in 2012. 10!

Although the total global solar capacity exceeded 150 GW in early 2014, solar
energy only contributes a very small fraction to total global energy production. This
is in part due to the prohibitively high cost of solar energy as compared to other
energy sources; grid parity was reached in several countries in 2013 but further work
in developing and refining new and current technology is needed to reduce the cost
of solar energy globally. !

Since the development of the first silicon solar cell at Bell labs in 1954,*1 the
power conversion efficiency (PCE) of silicon-PV devices has increased from the 6%
initially reported to over 25%, ¥ and a number of alternative materials and structures
for solar energy conversion have been reported. These can generally be categorised
as either silicon-wafer based “first generation” cells; thin-film inorganic “second gen-
eration” PV using amorphous silicon, CdTe or CIGS; or “third generation” cells in-
corporating organic molecules. This latter category includes dye sensitised solar cells
(DSSC, including both solid hole transporters and liquid electrolytes), all-organic
small molecule or polymer solar cells, and perovskite cells. Despite the wide range of

technologies available the vast majority of PVs in use are silicon based, accounting



for 90% of all PV modules. ™!

The third generation solar cells, in particular organic photovoltaics, have many
attractive features compared to first or second generation inorganic cells as they are
solution processable and can therefore be prepared at low-temperature by continuous
printing processes. In addition, these devices have the potential to be flexible or
semi-transparent, easily scalable, and can offer significant cost-savings as compared
to first or second generation cells. 25122

All organic polymer-fullerene devices have increased steadily in efficiency®% since

[240]

the development of the bulk-heterojunction, as the primary excitation in these

devices is an exciton which is relatively strongly bound and requires transfer of the
electron to a second material in order to promote dissociation into free charges.?”

A relatively new solar cell device, the perovskite solar cell, was first introduced in
2009 as a variation on DSSC!?! but has become a separate class of solar cell with
reported power conversion efficiencies increasing rapidly from the originally reported
3.8% to over 20%.186] Device architectures for efficient PV are not limited to those
containing a mesoporous metal-oxide scaffold, as in DSSC, or the BHJ as in polymer-
fullerene cells, as evidenced by a 15.4% PCE in planar cells prepared by vacuum
deposition. 3 One of the reasons for this high performance is the exceptionally long
distances over which energy transport occurs in films of perovskite material as is
discussed in Chapter 6.

Aside from developing low-cost PV devices based on solution processable materi-
als, another route toward cost effective solar power is to reduce the required active
area of a photovoltaic device. This can be achieved through the use of solar con-
centrators to focus incident sunlight onto a small area but high-quality cell. Optical
concentrators using mirrors or lenses can reduce the amount of PV material required
by focussing a large amount of sunlight onto a small area cell, and active tracking
mechanisms can be used to ensure continuous energy generation. The major disad-
vantage of these devices are that active tracking components constitute a large portion
(approx. 60-70%) of the total (concentrator 4+ PV cell) device cost. ™7 Additionally,
they are unable to function well in diffuse light conditions.

One technology which is able to circumvent these issues is the luminescent solar
concentrator (LSC).[2" This device consists of organic dyes or inorganic luminescent
species embedded in a transparent waveguide. Emission from the embedded dyes

occurs with high quantum yield and is transmitted to the edges of the waveguide



by total internal reflection. Although the edge to surface ratio of LSC devices can
be very high, the concentration factors such ratios should provide are not often re-
alised. ®® T'wo major loss sources in LSC devices are self-absorption by the embedded
luminophore, 5% and escape losses from the surface of the waveguide, both of which
can be reduced by energy transfer from the absorber to a lower energy emitter with
control of the polarisation.

All of the above mentioned energy transport processes occur on time scales ranging
from ultra-fast (sub-picosecond) to several hundred nanoseconds and are investigated
in this thesis by time resolved photoluminescence measurements with short time res-
olution.

Chapter 2 gives a brief overview of the background theory relevant to the later
chapters in this thesis. As the main theme of the thesis is on energy transfer in
materials for use in third generation photovoltaic devices, a discussion of the basic
excitations in organic semiconductor materials is given. The optical spectra of small
molecules and polymers are discussed as absorption and fluorescence spectroscopy
are some of the most commonly used methods of probing excited state properties
of conjugated organic materials and are the main techniques used in this thesis.
The exciton model developed by Kashal''? is discussed to describe intermolecular
interactions between single small molecules and polymers, and is extended to bulk
disordered systems. A description of the evolution of excited state species (excitons)
following excitation of bulk organics is given, including the mechanisms of energy
transfer in the case of weak intermolecular-coupling. The operation mechanism and
methods of optimising materials for use in organic photovoltaics is also described in
this chapter.

In Chapter 3 the experimental techniques used to probe energy transfer in the later
chapters are discussed. A description of the time correlated single photon counting
(TCSPC) and photoluminescence upconversion (PLUC) techniques is given, along
with a summary of the techniques used to generate ultra-short pulsed radiation which
is crucial for time resolved photoluminescence measurements. Experimental details
of the apparatus, along with a description of the system calibration method and data
analysis techniques conclude this chapter.

The experimental results of this thesis constitute Chapters 4 to 6 as follows:

In chapter 4 a discussion is given of energy transfer in two donor-acceptor-donor tri-

ads based on perylene bisimides, which show promise for use in LSC. The donor and



acceptor groups are bound together such that the dipole moments, aligned along the
long axis of the perylene bisimide units, are either collinear or orthogonal. Following
selective excitation of the donor units, rapid and efficient energy transfer and reten-
tion (or rotation for the orthogonal trimer) of polarisation is observed on a time scale
of ~ 2ps. The energy transfer is modelled with a distributed-dipole Forster model
which predicts the energy transfer rate for the linearly arranged triad but severely
underestimates it for the orthogonal case. The energy transfer is attributed to a com-
bination of through-space transfer through-bond coupling of the donor and acceptor
units.

In Chapter 5, a series of five donor-acceptor low bandgap polymers based on ben-
zodithiophene donor and a benzothiadiazole acceptor are compared. Such polymers
are of vital importance to OPV devices as the lower band-gap of the materials allows
a higher fraction of incident photons to be absorbed, increasing the current that can
be produced. The morphology of films of each of the five materials are studied by
atomic force microscopy and x-ray scattering, and those polymers which form the
most amorphous films with the smallest number of ordered aggregates yield devices
with the highest power conversion efficiencies.

The influence of these aggregate domains on PV device operation is probed by
time resolved photoluminescence measurements of both the intrinsic exciton diffusion
length, and the model used is to determine these diffusion lengths is fully described.
The photoluminescence quenching when the polymers are blended with the electron
acceptor PCBM is also directly measured. The efficiency of exciton diffusion to, and
dissociation at the polymer-fullerene interface is high, occurring within ~ 1 ps for all
materials in the series. Hence, the presence of crystalline domains is found to hinder
the migration of charges to the electrodes.

In Chapter 6, the model described in Chapter 5 is applied to determine the av-
erage diffusion length of electrons (holes) in films of methylammonium lead halide
perovskites, and the results from films of a triiodide perovskite, MAPbI3, and a
mixed halide perovskite, MAPbCIlI5_, are shown. It was found that the diffusion
length of both electrons and holes in the mixed halide were greater than 1pm, and
around 100 nm in the triiodide. These remarkably long diffusion lengths at room tem-
perature explain the high efficiencies that have been observed in photovoltaic devices

with these materials as an active layer, even in a planar configuration.



In Chapter 7, the findings from the experimental chapters are summarised and

potential avenues for future research are discussed.



Chapter 2

Background Theory

2.1 Excitations in Conjugated Polymers

The vast number of possible molecular structures based on carbon stems from the
flexibility of carbon atoms in bonding. The 2s and 2p orbitals can combine to form
hybrid orbitals consisting of the 2s and n = 1, 2 or 3 of the p orbitals, resulting
in (n + 1) equivalent sp™ orbitals, and (3 — n) free p orbitals. The hybrid orbitals
on adjacent carbon atoms interact strongly to form orbitals with ¢ symmetry which
define the backbone of the molecule, while the orthogonal p orbitals interact more
weakly to form 7 orbitals around the o bonds. Molecules containing no 7 orbitals
are referred to as saturated, while unsaturated molecules contain at least one 7 bond.
Conjugated materials are those in which the 7 system extends over several atoms.

The simplest description of bonding in conjugated molecules is given by the Hiickel
model, "% in which the o and 7 systems are considered independent of one another,
and individual atomic p orbitals interact only with their nearest neighbours to form
molecular orbitals which are delocalised over the entire conjugated system. The
molecular orbitals are filled pair-wise according to Hund’s rule. The lowest energy
transition in such a molecule is then the difference between the energies of the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals. Although this
model completely neglects electron-electron interactions and m-electron interactions
with the nuclear framework, it is useful for a qualitative description of electronic struc-
ture. More accurate ab-initio and semi-empirical methods for calculating electronic
structure are described in many quantum chemistry textbooks. [13%211]

Applying the Hiickel model to an extended conjugated system of atoms is equiv-
alent to the tight-binding approximation from solid-state physics and predicts a con-

tinuous band of energy levels. The simplest conjugated molecule, trans-polyacetylene,



is a linear chain of carbon atoms with one electron in one p-orbital per carbon atom.
This system would be expected to be metallic in character, by the Hiickel model, with
no gap between occupied and vacant energy levels. 1-D metallic systems however are
predicted and found to be unstable with respect to a distortion of the lattice, such
that the bonds between atoms alternate, one longer, the next shorter than the bonds
in the undistorted system. This doubles the repeat length of the lattice and opens
up a band gap at k = 7/2a, where a is the undistorted bond length.

Whether the bond length alternation is written as (—C=C—-C=C—), (A-phase)
or (=C—C=C—-C=), (B-phase) has no effect on the energy of a trans-polyacetylene
chain, the configurations are degenerate. Application of the model developed by Su,
Schrieffer and Heeger predicts that, as a result of this degeneracy, the lowest energy
stable excitation is a localised transition between the two phases, referred to as a
soliton (.5).[206:205] Both theory and measurements show that for each soliton present
there is a single state at the centre of the band gap which can hold (0, 1, or 2) electrons
and has charge (+e, 0, -e) and has spin (0, 1/2, 0) depending on the occupancy. These
excitations are calculated to span approximately 14 carbon atoms and are mobile due
to the low effective mass of ~ 6m.. In general, absorption of a photon by trans-PA
results in the promotion of an electron to the conduction band, followed by rapid
relaxation to form a charged soliton—anti-soliton pair (S?), which, in the absence of
any electron-electron interactions separate within 10~1% .

Although it was the first material in which conductivity of organic polymers was
observed and has been intensively studied as a prototype material, trans-PA exhibits
photophysics almost unique to this system; the majority of conjugated polymers which
are of interest for use in photovoltaics, including those described in this thesis, do not
have a degenerate ground state like trans-PA.['! In these systems, separated solitons
are no longer stable excitations, as increasing separation between SS pairs forms
long sections of the higher energy phase and increases the overall energy. Instead,
polarons, or bound SS pairs, are the general excited state species as they create a
localised distortion of the lattice without changing the conjugation phase.?%™ The
presence of a polaron results in two states at energy E = 4wy in the band gap
corresponding to the in and out of phase combination of the soliton and anti-soliton
states. These states can be filled with 0, 1 2, 3 or 4 electrons.®™ A single electron in
the lower level is a positive polaron (cation radical), while the negative polaron (anion

radical) has a filled lower level and a single charge in the upper level. Positive and



negative bipolarons are formed when both levels are either empty or full respectively,
while a filled lower level is a neutral polaron. The various excitations in conjugated
polymers discussed here are summarised graphically in Figure 2.1.

The above description includes interaction between m-electrons and the nuclear
positions (the electron-lattice interaction) but completely neglects any interaction
between the m-electrons. In general for conjugated polymers this is not a realis-
tic description as the electron-electron interaction strengths are comparable to the
electron-lattice interaction, '® and must be included in order to reproduce features in
absorption and luminescence spectra.['773%37 When these contributions are included,
the primary excitation is found to be an exciton, a bound polaron-pair which has no
overall charge.

The exciton binding energy, defined as the difference in energy between an exciton
relative to a pair of fully separated polarons,% are generally reported to be around
0.3 to 0.6eVB%TA%I8] although values ranging from < 0.2eVZ8161 to 0.9V
have been reported. The binding energy is much larger than k7" ~ 26 meV at room
temperature and, while direct generation of polarons following photoexcitation® has
been found to occur with 10-20% efficiency, 126189 dissociation of excitons without
any external stimulus is not observed. % This has important consequences for organic

photovoltaics as will be discussed in later sections.

2.2 Interaction of Organic Molecules with Light

As discussed above, the generation of excitons, solitons and polarons in organic
molecules occurs after photoexcitation of an electron from a bonding 7 orbital to
an antibonding 7* orbital. The energy required is equal to the gap between HOMO
and LUMO levels, which for many large organic molecules is between 1 and 4 eV, in
the visible range of the electromagnetic spectrum.

When a molecule is exposed to radiation oscillating at frequency wy;, transitions
between the initial ground state, |i), and a final excited state, | f), separated by energy

E; = E; — E; = hwy; occur at a rate[™

21
Wi = fWﬂFEgP(Eﬁ), (2.1)

where p,qa(Ey;) is the density of final states at the energy Ey;, Ey is the electric field

amplitude, and
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Figure 2.1: Summary of soliton and polaron excitations in trans-polyacetylene, left,
and poly(paraphenylene), right. a) The molecular structure of the A-phase and B-
phase bond length variations. The A and B phases of trans-PA are identical whereas
those of PPP are not. b) Chemical picture of the major excitation (PA - soliton, PPP
- polaron) in each material. The soliton results in a phase change from one side to the
other whereas the polaron does not. ¢) Graphs show the lattice displacement (solid
line) and electron densities (dashed line), A(y) against position. Band diagrams show
the conduction and valence bands, and the relative position of the soliton and polaron
energy levels. () is the total charge and s is the total spin. For each, the configuration
corresponding to the diagram in part b) is enclosed in a black box. (Part (c) adapted
from: Fesser et al., 1983)



gl = | (fl i) [ (2:2)

is the transition dipole moment for the electron dipole operator p, which is a function

of both the electron and nuclear positions, °!

,u:—leiJreZRj. (2.3)
i J

In general the overall wavefunction depends on both the nuclear and electronic de-
grees of freedom, and calculating the dipole moments is difficult. The calculation can
be simplified by means of the Born-Oppenheimer approximation, which states that
as a result of the vastly different masses of the electrons and nuclei, the total wave-
function can be split into the product of the electronic and nuclear wavefunctions,
and that the the solutions to the electronic part of the Schodinger equation depend
parametrically on the nuclear co-ordinates.*) This difference in mass between nuclei
and electrons, and hence the difference in speed between electronic and nuclear tran-
sitions also forms the basis of the Frank-Condon principle, which is used to describe

vibronic transitions in optical spectroscopy.

2.2.1 Franck-Condon Principle

The time scale for the electronic transition f ¢ i is on the order of 107'°s while
nuclear motions occur on the order of 107135 (e.g. a C—C stretching mode). The
electronic transition will therefore take place without any significant change in the
position of the nuclei, and only once the electrons have settled in the final distribution
will the nuclei adjust to the new field. Since the transition involves removing an
electron from a 7 bonding orbital and adding it to an antibonding 7* orbital, the
equilibrium geometry of the upper state will be different to that of the ground state.
The rapid shift from ground state to excited state therefore ends with the nuclei in
positions corresponding to a vibrationally excited mode. This is described graphically
in Figure 2.2.

Mathematically, the effect of the widely differing time scales for electronic and
nuclear motion allows for separation of the overall wavefunction into the product of

the electronic (¢) and vibrational (v) wavefunctions:
[¥i(r, R)) = [ei(r)) [vi(R)) (2:4)

10
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Figure 2.2: Pictorial description of the Franck-Condon principle. The top two plots
show total system energy against nuclear coordinate for a system with identical equi-
librium geometry in the ground and excited state (Left hand side), and one with
different geometry (Right hand side). The bottom two plots show the absorption
spectra for the two systems. When the excited state and ground state equilibrium
geometries are the same, the 0-0 transition is the strongest, whereas when the geome-
tries are offset, excitation into a higher vibrational state is favoured. Adapted from:
Valeur and Berberan-Santos, 2012
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The transition dipole moment then reduces to the product of the electronic transition
dipole moment and the vibrational wavefunction overlap, with nuclear position equal

to the ground state equilibrium geometry Ry,

(Vpl e lihi) = (ei(r; Ro)| pte |€i(r; Ro)) (v4(Ro)[vi(Ro)) - (2.5)

Although the plots of energy against nuclear co-ordinates in Figure 2.2 show only
the 0-0 and 0-2 transitions for equal and unequal ground and excited state geome-
tries, the value of the vibrational wavefunction overlap is non-zero for several 0-n
combinations, leading to the progression plotted in the lower plots. The square of
E

the overlap | (0|v) |* is referred to as the Franck-Condon factor and is parametrised

by the Huang-Rhys parameter, such that
s S

Fre = |{0) [ =~ (2.6)

S can be determined experimentally by taking the ratio of the 0-0 and 0-1 transi-
tion peak intensities and describes the average excess vibrational energy given to the

molecule,

E, = SAE, = (v+1/2)AE,, (2.7)

where F, and AF, are the excess energy and energy separation between vibrational
levels are as described in Figure 2.2. A parameter of S = 0 corresponds to a pure 0-0

transition while non-zero values lead to a peak progression.

2.2.2 Excited State Processes

Following excitation, rapid relaxation to the v = 0 level of the lowest singlet excited
state occurs on a time scale of picoseconds. In an isolated molecule, there are three
possible mechanisms for decay from this state, either by radiative decay back down
to the ground state (fluorescence), non-radiative decay to the ground state by direct
coupling of the two states (internal conversion, IC), or conversion from a singlet
exciton a triplet exciton (intersystem crossing, ISC). These processes are summarised
in the Jablonski diagram (Figure 2.3). Additional processes reducing the populations
of the S; state in real systems are energy or charge transfer to a neighbouring molecule.
These will be discussed in later sections.

For many conjugated molecules internal conversion is inefficient because the energy
gap between the ground and excited states is large. Fluorescence is the major decay

route when emission from the lowest singlet excited state is allowed according to the
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Figure 2.3:  The Jablonski diagram — each block of multiple lines represents an
electronic state, and the lines within each band are the associated vibrational states.
Those on the left hand side are the singlet states, and those on the right are the
triplet states. In this diagram, a representation of a single molecule being excited
to the second singlet state S, is shown, followed by rapid internal conversion to the
lowest vibrational level of the S; state. From here, arrows showing fluorescence,
internal conversion, and intersystem crossing are shown. The average times that each
step takes are included in this figure. (Taken from: Lichtman and Conchello, 2005)

selection rules. This is the case for many phenyl-containing polymers which are useful
in electroluminescent and photovoltaic devices, a typical example of which is MEH-
PPV.B3 (cf. PA discussed in section 2.1 which does not fluoresce as the lowest state
has 2'A,* symmetry which is not accessible by radiative transitions, in contrast to
the 1'B,~ state which is the lowest excited state in phenyl-based polymers. ).
The third decay pathway is by conversion from the lowest lying singlet (S;) state
to the lowest lying triplet (T ) state. This process occurs most efficiently in materials
containing heavy atoms, as the rate of the ISC process is proportional to the fourth
power of the atomic number. Triplet excitations can then decay by phosphorescence,
a radiative decay process which occurs on a time scale of micro- to milli-seconds
as emission from triplet states is spin-forbidden. The reverse ISC process in which
singlet excitons are regained is a thermally activated process and leads to delayed
fluorescence. Singlet excitons can also be regained as a product of triplet-triplet
annihilation. These processes are not included in Figure 2.3 and are not observed
within the time scales and excitation densities of the experiments reported in this

thesis.
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2.3 Factors Affecting Absorption and Photolumi-
nescence Spectra

2.3.1 Stokes Shift and Solvent Relaxation
Stokes Shift

In a fully conjugated, isolated molecule, the energy of the 0-0 transition will be
identical in energy whether photons are absorbed or emitted, and the 0-0 peaks in
the absorption and fluorescence spectrum would be expected to overlap. When the
Huang-Rhys parameter S < 1, this will lead to a zero Stokes shift, that is, the
difference in energy between the band maximum in absorption and fluorescence is
zero. In real systems however, various mechanisms exist which drive the two apart

and increase the overall Stokes shift.

Solvent Relaxation

If a molecule is well dissolved in a polar solvent then before excitation the solvent
molecules are arranged to minimise the overall energy of the system. This has the
effect of lowering the energy of the ground state relative to the same but isolated
molecule. When excitation occurs, the electron distribution is different to that of
the ground state, and so the energy of the S; state is destabilised. The solvent
molecules react by re-organising over ~ 100 ps to stabilise the excited state,!'?0 in
turn destabilising the ground state. When fluorescence occurs, now from the excited
state equilibrium geometry, emission is at a lower energy than absorption as the gap
between the two levels has decreased. This is summarised in Figure 2.4. If fluorescence
measurements are taken with high enough temporal resolution, the shift in emission

wavelength can be observed.

2.3.2 Effective Conjugation Length

For small conjugated molecules and oligomers in which the entire molecule is fully
conjugated, the excitation energy scales linearly with the inverse number of repeat
units, 1/N. For molecules with more than a certain number of units the decrease in
excitation energy reaches a limit corresponding to the effective conjugation length.
This has been measured to be between 7 and 20 units'®? and varies depending on

the structure of the polymer. The effective conjugation length is a combination of
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Figure 2.4: Contribution to the stokes shift for molecules in solution. The energy of
the S; and Sy levels for the isolated molecule are given by the dashed line while the
energy levels in solution are the solid lines. Absorption takes place at higher energy
(blue arrow) than emission (red arrow) as the solvent molecules reorganise to stabilise
the new charge distribution in the molecule.

n, [110

exciton self-localisatio I and the effect of non-zero torsional angles reducing the

coupling strength and breaking conjugation between subunits on the same chain. !

2.3.3 Aggregate Formation

Since m-conjugated molecules have a wide, planar backbone structure, aggregation of
molecules in the absence of strong steric hindrance often results in the formation of
a stack along the line perpendicular to the conjugated plane of the molecule. This
arrangement is referred to as m-stacking. The overall driving force favouring aggregate
formation over fully solvated isolated molecules is a combination of factors, including
electrostatic interactions between molecules with permanent dipoles, dispersion forces
due to the large surface-volume ratio of extended conjugated systems, and solvophobic

effects. (102

The formation of a w-stacked aggregate can be described as a sequence of equilib-
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ria, (44

M+ M = M, = Kc

Ms; 4+ M = M; c3 = Keo
(2.8)

My_1+M = My cy_1 = Keyn

where the index N is the number of molecules in the aggregate, and cy is the total
concentration of aggregates with N molecules. The equilibrium constant K for addi-
tion of an extra monomer to the growing aggregate is assumed to be the same for all

[44]

equilibria in the Isodesmic Model** and is determined by the Gibbs free energy for

the reaction (at standard temperature and pressure), [11]

AG = —RTlog(K),  AG=AH—TAS. (2.9)

According to Equations 2.8 and 2.9, aggregate formation is favoured for high
concentrations, low temperatures, or in solutions with poor solvents. Large spectral
shifts and variations in fluorescence intensity are commonly observed as a result of the
electronic interaction between molecules which are held at close proximity and with
specific relative orientation in an aggregate, as described by the exciton model. [111:113]

The energies of a pair of molecules in the ground and exited states are modified
by an electrostatic interaction between the two molecules. Both the ground state and
excited states of a dimer aggregate are lowered in energy by dispersion forces relative
to the isolated molecules, while the upper level is split in two by an interaction due
to energy transfer between the two molecules. In the dipole approximation, this is

given by M3

. M1M2 (Ml.r)(l\/[g.r) . M1M2
- - 3

3 5
r r T2

E

(cos 012 — 3 cos 0 cos by), (2.10)

where M, is the transition dipole moment for molecule 1, 715 is the distance between
the molecule centres, #;5 is the angle between the two dipole moments and 6, is the
angle between the dipole moment on molecule z and the line connecting the two
centres.

When the molecules are aligned head to tail, the in phase combination of the
dipole moments leads to electrostatic attraction and a lowering in the energy of the
system, while the out of phase (head to head) alignment is higher in energy. For the

in phase combination, the dipole transition moments add constructively and the total
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Figure 2.5: A graphical summary of the exciton model for various arrangements
of the two molecules in dimers. The energy levels to which transitions are allowed
are drawn with a solid line, which inaccessible states are drawn with a dashed line.
(Taken from: Kasha, 1963)

oscillator strength of this state is larger than the isolated molecule. Radiative tran-
sitions between this and the ground state are therefore fully allowed. In comparison,
radiative transitions from the higher energy state are forbidden as the total transition
strength is zero. Such an arrangement of molecules is referred to as a J-aggregate, and
results in both superradiance and a red-shift of the absorption and emission bands.

When the transition dipole moments are arranged parallel rather than collinear
the situation is reversed. The in phase combination of dipole moments results in
electrostatic repulsion between the two molecules and is higher in energy than the
out of phase combination. Only the higher energy in-phase state can be coupled to the
ground state by the electric dipole operator however. This arrangement is referred to
as a H-aggregate and results in a reduction of radiative emission from the aggregate,
along with a shift of the transition to higher energies.

An intermediate arrangement (oblique, Figure 2.5) is possible which is charac-
terised by a splitting of the upper energy level into two levels, both of which are able
to decay radiatively to the ground state. It should be noted that the PL suppression
effects are only observed in the limit of weak intermolecular coupling for the 0-0 tran-
sition. 1% Thus, in J-aggregates, the ratio of the intensities of the Iy_q/Iy_; increased
while this ratio is decreased in H-aggregates.

The situation for polymers is more complicated than the situation described by

the exciton model due to the large number of repeat units per molecule. Relative
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to the monomer, spectral features of polymer aggregates can be viewed as resulting
from a combination of J-aggregate type interactions ! between neighbouring units
along the polymer chain, and H-aggregate type interactions between units on adjacent
chains. B5234 Tt should be noted that spectral shifts, in particular hypsochromic shifts
which are signatures of H-aggregate formation, are not a reliable measure of the degree
of aggregation. The formation of closely packed structures hinders rotation between
subunits on a polymer chain and has the effect of increasing the effective conjugation
length. This lowers the excitation energy relative to an isolated molecule, even in the
case of H-aggregate formation. It is more reliable to compare the ratio of the 0-0 and
0-1 transition intensities.

The degree of aggregation and whether intra (J-type) or inter molecular (H-type)
interaction features dominate the PL and absorption spectra of a polymer film or
solution depends on the chemical structure of the material, molecular weight of the
polymer and the environmental conditions such as temperature, concentration and
solvent quality. 195185168] Tpy the case of P3HT, Hellmann et al. found that the predom-
inant coupling mechanism can be tuned from H-type through to J-type by blending
P3HT polymer of increasing molecular weight with a polar polymer poly(ethylene
oxide), 96] while Niles et al. observed the same by forming nanofibres in poor solvent
prior to thin film casting. %%

When aggregate effects are present in a sample, the absorption and luminescence
spectra are no longer mirror images of one another. The absorption spectrum is
determined by transition dipole moment to and the number of states at an energy e.
The variation of energy of states in a solid is caused by differences in local environment
and intramolecular configuration, and for a a disordered organic solid, the density of

states (DOS) is described by a Gaussian function 2"

g(e) = J;T—UeXp (%;0)2) , (2.11)

where o is the standard deviation of site energies about the central mean value ¢

and is referred to as the disorder parameter.

!These interactions are referred to as J-type interactions because of the similarity of the spectral
features observed with those predicted by the exciton model. The origin of these interactions are
completely different however; those described in the exciton model arise from electrostatic coupling
between two neighbouring molecules, '*2! while these are related to the overlap of molecular orbitals
on adjacent subunits in the polymer chain. [197)
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While the degree of disorder can be seen in the absorption spectrum, this is not
the case for photoluminescence, as photon emission does not occur immediately af-
ter excitation. During the time delay between absorption and emisson, vibrational
relaxation and migration of excitons to a subset of sites with lower energy can oc-
cur. '™ This has the effect of narrowing the PL spectrum relative to the absorption
spectrum. [199)

Khan et al. observed that for films of polyfluorene 44% of all PL emission was
observed to originate from low energy sites caused by aggregation induced planari-
sation of the polymer, even when these sites constituted no more than between 1%
and 5% of all sites in the film. This discrepancy was due to rapid energy transfer
from high-energy distorted chromophores to low-energy planar sites complete within
several picoseconds.!™? This type of migration is an additional contribution to the
Stokes shift discussed previously.

Along with the emission spectrum, the radiative emission rate is affected strongly
by the mode and strength of aggregation. For an aggregate consisting of N interacting
molecules, a band of states will be formed by the interaction of exciton states on each
molecule. In the case of a J-aggregate, the lowest level is the one with all transition
moments in phase, and so the total transition moment is given by N'/2p. Since the
spontaneous emission rate is proportional to the square of the dipole moment, under
low excitation fluence when nonlinear processes such as exciton-exciton annihilation
do not occur, the rate of transition is expected to scale as kj o< Ny, |21 This
simple relation breaks down when disorder is introduced into the aggregate as either
displacement of the molecules along the aggregation axis, or variation in angle between
adjacent units. This disorder has the effect of reducing the observed rate to k; oc
Nesflta|?, where N,sp ~ T71/3 is the effective aggregate size. 19!

In the case of H-aggregates, the reduced total dipole intensity results in a decrease
in the radiative emission rate from the lowest level. In practice this is not easily
observed as non-radiative decay mechanisms dominate the decay dynamics and lead
to a reduction in both excited state lifetime and PL emission. This is the case for 3,3-
diethylthiadicarbocyanine %! and porphyrin 2?3 aggregates. If, however, aggregation
suppresses the main non-radiative recombination pathway the increase in lifetime can
be observed. Such a situation was found to occur in dimers of a merocyanine dye by
Rosch et al. The major non-radiative decay mechanism in isolated merocyanine dyes

occurs via torsions within the molecule, leading to a 0.5 ps lifetime. This increases
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to 4.4 ps when the molecule planarises and rigidifies on formation of a H-aggregate.
Radiative transitions are partially allowed as imperfect alignment of the two molecules
breaks the symmetry of the system. 78!

As is the case for small molecules, both the total quantum yield and the radiative
lifetime are often strongly quenched in thin films of conjugated polymers as com-
pared to a solution in which each molecule is well solvated and aggregates are not
formed. Although the intrinsic radiative lifetime is extended in H-aggregates in the
film, 7 the observed emission lifetime is reduced due to increasing non-radiative
decay rates, [236:181147:50;14]

In addition to H- and J-aggregates, complexes can be formed between one molecule
in the excited state and a second molecule in the ground state. When the two
molecules in the complex are identical the complex is referred to as an excimer and
when the two molecules are different the complex is termed an exciplex. These are
distinct from H- and J-aggregates as the complex is non-bonding in the ground state
and therefore does not alter the absorption spectrum of the molecules involved. Emis-
sion from an excimer state has been observed in films of MEH-PPV deposited by spin
coating from a tetrahydrofuran solution with, with this excimer emission accounting

[108]

for 40% of the total emission at longer times. Excimer emission is broad and

strongly red-shifted compared to the peak emission from an individual molecule.

2.4 Energy Transfer Processes

As discussed above, rapid energy transfer along and between molecules to sites lower
in energy results in temporal evolution of the photoluminescence spectrum observed
in conjugated polymer systems. This process occurs within several picoseconds after
excitation. ™%l This energy transfer is the cause of the excitation dependence of the
peak emission energy and PL anisotropy, r, observed by Rauscher et al. in PPV

films.['"" The value of r here is given by

Iy —1,
= 2.12
I||+2]J_ ( )

where I)| is the intensity of the PL with polarisation parallel to the excitation pulse,
and I, is the intensity of the PL polarised perpendicular to the excitation beam.
In disordered systems, energy transfer is incoherent and occurs by a series of hops

between sites, with vibrational or torsional relaxation occurring before transfer can
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Figure 2.6: The potential energy surfaces for the lowest excited state and ground
state of an excimer as a function of the intermolecular separation (left), and the
absorption and emission spectra of the isolated molecules and excimer (right). (Taken
from: Barford, 2005).

(6] The transfer rate between donor, D, and acceptor, A, sites is given by

take place.
the Fermi Golden Rule

2T
kpr = —[ (] H'|9;) [*ppa (2.13)

where ppa is related to the overlap between the emission spectrum of D and the

absorption spectrum of A.

When the initial and final wavefunctions are given by 2%

Vi) = —= (Wp(1)Wa(2) — U5 (2)Ta(l)) (2.14)

Vi) = —= (Up(1)W5(2) — Up(2)Wy(1)) (2.15)

ST

The integral in 2.13 becomes
(Wl H' |W;) = (Up(1)W3(2)| H [Y](1)Wa(2)) — (Wp(1) W5 (2)] H' [ (2)Wa(1))
(2.16)
2.4.1 Forster Resonant Energy Transfer (FRET)

The first term in Equation 2.16 describes a transition in which electrons 1 and 2 stay

on their respective sites, and the excitation moves from the donor to the acceptor,
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while the second term describes energy transfer by a swap of the electrons between
the donor and acceptor. The first of these two integrals is the Coulomb mediated
coupling and its contribution to the overall energy transfer rate was described by
Férster in 1948. 17475

By making the approximation that the transition moment on each molecule in-
volved in energy transfer can be assumed to be a dipole, and taking into account the
distribution of orientations and energy levels in condensed phases, Forster showed

that energy transfer mediated by the Coulomb term occurs at a rate,

9000 log(10)® prx>
1287 N ynitp RS

FRET = (2.17)

where ®p, and 7p are the photoluminescence quantum yield and total lifetime (radia-
tive and non-radiative) of the donor in the absence of any acceptor. N, is Avogadro’s
number, n is the refractive index of the solvent and R is the separation between donor

and acceptor. The crucial element of the theory, the overlap factor J is given by

J= / h ea(N) fo(M)AdN, (2.18)

where A is the wavelength, €4 is the extinction coefficient of the acceptor in solution,
and fp is the emission spectrum of the donor, normalised such that [ fp(A)d\ = 1.

The value of k describes the relative orientation of the absorbing and emitting
dipoles,

A A~

k= fip fs—3(Ap R)(is - R), (2.19)

with the vectors fi, and fi,, and R in the above equation are the unit vectors in
the direction of the dipole moments on D and A, and of the vector connecting the
centre points of the two molecules. The constants, x, and J can be combined to give

a recast version of Equation 2.17

1 (Ry\°
krrer = ™ (EO) (2.20)

where Ry is the Forster radius, defined as the separation at which the rate of energy
transfer is equal to the total rate of decay from the excited state by either radiative
or non-radiative pathway in the absence of any acceptor. 46

The dipole approximation used by Forster in deriving this equation requires that
the relative size of the molecules involved in the transition be much smaller than the

separation between the two. At small distances such as separations between m-stacks
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of polymer chains in a H-aggregate, the dipole approximation breaks down. Modified
versions of the Forster theory including the line-dipole, ??? distributed monopole, 7]

or transition density cube models!'?’! can be used in this situation.

2.4.2 Dexter Transfer

The second term in Equation 2.16 is mediated by the exchange interaction and in-
volves exchange of two electrons, one in the upper singly occupied molecular orbital
(SOMO) of the excited donor and one from the HOMO of the acceptor. As such,
this energy transfer mechanism, first proposed by Dexter in 1953,[6% requires orbital
overlap between the two chromophores. The energy transfer rate by this process is
given by

kp = Aexp(—2R/L)J, (2.21)

where R is the separation between the two chromophores, L the effective aver-
age radius of the chromophores involved in the transition, and A is a constant.
J = [ EA(A)Fp(A)A*dA here is the spectral overlap of the donor emission (Fp) and
acceptor absorptlon (E4), however unlike the term J in the Forster model, both

spectra are normalised such that ¢!

J— / Ea(A)Fp(\)dA (2.22)
AN fp(N)

Fo()) = W (2.23)
oa(M)

Ea()) = m (2.24)

The Forster transfer mechanism is applicable only to transfer of singlet excitations,
while Dexter transport is a possible mechanism for both singlet and triplet energy
transfer, and at very short separation both mechanisms contribute to the total energy

transfer rate. 199

However, as the Dexter transport mechanism requires the donor
and acceptor chromophores to be at extremely close range, transport for D-A pairs
separated by more than ~ 5 A is dominated by the Forster type transport. The strong
exponential dependence of the transfer rate on the separation between donor and
acceptor units can be relaxed in systems in which the two units are covalently bound
by a bridging unit. This can be either a conjugated bridge,® or an rigid saturated
bridge. I The effect of the bridging units is to replace the distance dependence in

the exponent 2R/ L with SR, where /3 is a system dependent parameter that can take
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values between 0.1 A~! and 1.33 A~! depending on the bridging unit and the energy
gap between donor and bridge units. 1865 (cf. 2/L = 1.2 to 2.0 A~1[189])

Forster transfer Dexter transfer
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Figure 2.7: Representation of the Forster and Dexter energy transfer mechanisms.
The Forster mechanism is equivalent to transfer of the excitation by simultaneous
absorption and emission of a virtual photon from the donor and acceptor while the
Dexter mechanism occurs by two-electron transfer and requires orbital overlap.

2.4.3 Exciton Transport in Bulk

Over time a photogenerated exciton will migrate to sites of decreasing energy and
will eventually become trapped when sites of equal or lower energy are separated by
a distance greater than the Forster radius. This process can be modelled with Monte
Carlo simulations!!8'86 in which an excitation is generated on a single lattice point
corresponding to one conjugated section of a polymer. The energy of each site in the
lattice is assigned according to a Gaussian distribution, and the rate of energy transfer
to another site is determined by the Forster (for singlet excitons) and Dexter type
(for triplets or free charges) coupling if the new site is of lower energy, or is multiplied
by a Boltzman factor if the new site is higher in energy. Due to the close proximity of
acceptor sites to any given site occupied by an exciton, migration in the solid state is
dominated by transfer between chains rather than migration along on chain,?* and
most of this transport is completed within a few picoseconds following creation of the
exciton. When polymer chains are isolated in solution* or by incorporation into
a host matrix, migration along the chain can be observed on a time scale of several
hundred picoseconds or nanoseconds, i.e. at a similar rate to radiative decay. 156!
The average length that an exciton can diffuse along and between polymer chains

before becoming trapped and decaying either radiatively or non-radiatively is given
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by Lp = VaDr, where a =1, 2 or 3 is a dimensionality constant, D is the diffusion
coefficient exciton and 7 is the lifetime. In particularly well ordered systems, such
as single crystals of rubrene!'%3l and tetracene,! diffusion lengths of ~ 5pm have
been observed. These extremely long diffusion lengths are associated with long lived
triplet excitons which are produced with high efficiency by singlet fission in polycyclic
hydrocarbons such as tetracene.'¥ By comparison, triplet excitons in polymers are
produced in much lower yield by intersystem crossing between the S; and higher lying
triplet states T,, (n > 1) by o-m mixing or at heavy atoms, eg. S sites in polymers
with thiophene units. [23:34

Unlike in organic crystals, diffusion lengths in conjugated polymer films are gener-
ally observed to lie in the range 5 to 15 nm.[15%19314%] Thege values are similar despite
the different chemical structure and film morphologies of the materials measured. An
explanation for the small range of reported Lp values was proposed by Markov et
al.,1" who measured the diffusion coefficient and DOS of a series of PPV based
polymers. They observed that while excitons do show increasing diffusivity with de-
creasing disorder, this gain is offset by the more mobile excitons reaching non-radiative
quenching and trap sites more quickly than in disordered films. ™ Such sites may be
those at which intersystem crossing is promoted, low energy aggregates, or chemical
defects which act as electron trapping sites. Chemical defects can either be sites on
polymer chains, such as carbonyl groups which are formed by photo-oxidation of vinyl

bonds in MEH-PPV, %% or impurities left over from the polymer synthesis. 53!

2.5 Organic Photovoltaics

Polymer solar cells make use of conjugated polymers as the major absorbing layer
and have the advantage of being easily processable from solution unlike inorganic
solar cells based on a p-n junction. A consequence of the relatively large exciton
binding energy (0.2-1¢eV) in conjugated polymers discussed above is that separation
of a bound electron hole-pair into free charges is an inefficient process in neat polymer

e.[180] Polymer solar cells incorporate a junction

films without any external driving forc
between two different molecules with staggered energy levels (type-1I heterojunction)
such that electron transfer from the majority absorbing material (the donor) to an
acceptor is energetically favoured with respect to a neutral exciton on either the
donor or the acceptor. At the heterojunction, electron transfer from the LUMO of

the donor to the LUMO of the acceptor occurs. This often results in a bound charge
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transfer exciton, which then dissociates, forming polarons in the donor (positively
charged) and acceptor (negatively charged). These charges then migrate through the
donor/acceptor to the electrodes where they can be extracted. This is represented
graphically in Figure 2.9.

The efficiency of this process per photon incident on the device is referred to as

the external quantum efficiency,
EQE(/\) = 7’]A(/\) X 7]ED(/\) X nCT(A) X 77(;0(/\) (225)

where 74 () is the fraction of incident photons with wavelength A that are absorbed
by the device, ngp is the fraction of excitons which can successfully diffuse through
the donor material and reach an interface, ncr is the efficiency with which excitons
dissociate at the interface and form free charges, and nc¢ is the efficiency with which
the free charges migrate to and are collected at the electrodes.

When the two electrodes are connected through an external circuit with no applied
voltage, the Fermi levels of the two materials equalise as electrons are free to flow
through the system. If two electrodes are materials with different work functions
are used (e.g. indium tin oxide, ITO, and aluminium, Al), a field develops and
is spread evenly through the device.!"?” Free charges which are generated at the
interface following absorption of a photon and dissociation of an exciton then drift in
this electric field to the electrodes. The net current measured under these conditions
is referred to as the short circuit current of the device, J,.. This point appears on
a plot of the measured current against applied voltage of the solar cell device as the
point which crosses the y-axis at V' = 0V, as shown in Figure 2.8. As a forward
voltage is applied across the device, a point is reached at which the current flow stops
completely as the built in field is canceled out by the applied field. This point is
referred to as the open circuit voltage point, Voc.

As there is no net current at Vo, and no voltage at Jy., a solar cell under irradi-
ation at either of these points produces no electrical power. The maximum possible
power output of the cell lies between these two points. The voltage and current pro-
duced at this maximum power point (MPP) are Vypp and Jypp respectively. In an
ideal solar cell, these values will correspond to the open circuit voltage and short cir-
cuit current, however in a real cell this is never realised as low built in fields and charge

recombination competing with charge extraction.!'®” The deviation from ideality is
described by the fill-factor,

Voo * o,
FF = 1pp “mppb 296
Voc - Jsc (226)
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This is the ratio of the ideal and maximum measured power output, or the ratio of

the areas of the two grey rectangles in the current-voltage curve given in Figure 2.8.

[B\Lumo
D,
ITO

HoMO

ITO

Figure 2.8: A current-voltage (J-V) curve (centre) of an organic solar cell, and
metal-insulator-metal picture diagrams showing the relative positions of ITO and
Al electrode Fermi levels and donor/acceptor HOMO/LUMO energy levels in short-
circuit (bottom) and open-circuit (top) conditions. The solid line in the JV-curve
shows the response of the cell under illumination and the dashed line shows the dark
response. The short circuit current, Jsc, open circuit voltage, Voc, and both the
current and voltage at the maximum power point are shown, and the fill-factor of the
device is represented as the ratio between the dark grey (real power) and light grey
(ideal cell power) rectangles. (Adapted from: Hoppe and Sariciftci, 2011).

In comparing different solar cell devices, it is useful to determine the power con-

version efficiency of the cell, which is given by

Electrical power out _ FF-Jsc - Voc

NPCE = , (2.27)

Incident light power 1

where Jsa, Voo, and F'F are the short circuit current, open circuit voltage, and fill
factor as described above, and [ is the irradiance incident on the cell.
The electrical parameters Voc and Jsco, which are easily determined from the

current-voltage curve, are also directly related to the EQE and the energy levels of
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the donor and acceptor materials. Scharber et al.['®¥ determined empirically that the
Voc is directly related to the difference in energy between the HOMO and LUMO

energy levels of the donor and acceptor units, such that
Voc = (1/e)(| Browmol — 1 Efumol) — 03 V. (2.28)
The short circuit current is directly related to the EQE by
Jsc = EQE x e x @y, (2.29)

where e is the charge of one electron and ®, is the photon flux incident on the device.

Light absorption Exciton diffusion
(exciton generation)

LUMO 1 "ep

ACCEPTOR|—"
™
I
I
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Charge collection Charge transfer
(exciton dissociation)

|
')
|

Figure 2.9: Mechanism of photocurrent generation in polymer photovoltaics. The
horizontal lines to the left and right of each illustration are the Fermi energies of
the anode and cathode respectively. Starting from the top left and going clockwise,
an exciton is first generated by absorption of an incident photon with energy E >
E(LUMO)—E(HOMO), the total absorption efficiency is given by 4. Next, exciton
migration to a donor molecule at the heterojunction takes place, over a distance equal
or less than the diffusion length Lp. The fraction of excitons reaching the interface
is given by ngp. Charge transfer from the LUMO of the donor to the LUMO of the
acceptor, followed by separation of the charge transter (CT) state then occurs with
efficiency ncr, and migration to and extraction at the electrodes takes place with
efficiency nee. (Taken from: Forrest, 2011).

Improving the photovoltaic device performance therefore requires increasing each
of the three parameters: Jsc, Voc, and FF. While there are strategies to improve

the photocurrent and open circuit voltage, maximising the fill factor is difficult as it
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depends on too many factors, but is essentially governed by the number of charges
which are collected instead of recombining in the cell. The photocurrent can be
increased by maximising each of the four ns in Equation 2.25, and the V¢ can
be increased by maximising the difference between the donor HOMO and acceptor
LUMO energies, while retaining a large enough offset between donor and acceptor
LUMOs to promote efficient charge transfer at the interface.

The extinction coefficient for absorption in the visible range of many organic poly-

L[68] a5 the m—7* transition is an allowed transition.

mers is high, around 10*-10% cm™~
These high extinction coefficients allow for strong absorption over a wide range of
the visible spectrum with energy greater than the polymer band gap. These large
extinction coefficients give up to 90% absorption at peak wavelengths on a single pass
through a 200 nm thick film. The first term in Equation 2.25, na, can therefore be in-
creased by either increasing the thickness of the active layer, or by reducing the band
gap of the polymer, thereby pushing the absorption onset further toward the near
infra-red and enabling absorption over a wider range of the solar spectrum. One syn-
thetic strategy to achieve this is to incorporate electron-rich donor and electron-poor
acceptor units on the same chain. %) These types of low band-gap polymers have been
used almost exclusively in devices which exhibit power conversion efficiencies beyond
those of the benchmark polymer P3HT.[89:92:52

There is a trade-off however between increasing Js¢ by utilising a larger fraction
of incident photons, and the necessity for a large V¢, as determined by the donor-
HOMO-acceptor-LUMO gap. By considering this balance, Scharber et al. calculated
that maximum device efficiencies should be attainable when the band gap of the
polymer is between 1.35 < E, < 1.65¢eV, assuming the LUMO of the polymer is well
aligned energetically with that of the PCBM acceptor. 184

The second term in Equation 2.25 is the fraction of photogenerated excitons which
can reach the heterojunction before recombination or trapping occurs. In simple
bilayer structure devices, this value is extremely low for polymer film thicknesses much
greater than the exciton diffusion length, Lp. ngp efficiencies approaching unity are
achieved whenever a heterojunction is located within 2L from any point in a polymer
domain. This can be achieved by use of a bulk heterojunction,?*’! formed through
either co-deposition of the two materials to form a single mixed layer with separate
donor and acceptor domains produced by spontaneous phase separation, or gradually

varying mixture of the two materials formed by sequential deposition of donor and
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acceptor, followed by thermal annealing to promote diffusion of the fullerene acceptor
into the donor layer. 14l

While the development of low-bandgap co-polymers and the BHJ have aided the
optimisation of na and ngp, similar breakthroughs for ncr and nce have not yet
occurred. When the exciton reaches the D/A interface, extremely rapid and efficient
charge transfer takes place from the donor LUMO to the acceptor LUMO.!83 The
electron on the acceptor and hole on the donor are still subject to a strong attractive
force however, even though they reside on neighbouring molecules, and together form
a bound charge-transfer state.

The binding energy of the CT state relative to separated polarons has been de-
termined experimentally by Gélinas et al. to be >250 meV.® This value is an order
of magnitude larger than thermal energy at room temperature, and hence bound CT
states do not generally dissociate spontaneously. Instead, they have been observed
to decay radiatively to the ground state following relaxation, 14415 can reform donor
excitons via an endothermic process, ' or form triplet excitons in either the donor
or acceptor material, depending on the relative energies of the CT, PT; and AT,
states. 170)

The formation of free charges in high yield is required for efficient PV operation,
however details of the mechanism by which this crucial process occurs is still unclear
and remains the subject of debate, and there have been numerous comprehensive
reviews written on this topic. 797245

It has been observed by several groups that a fraction of photogenerated excitons
near the interface in BHJ films form free charges within 50-100 fs,®¥%% with the
population of short-lived delocalised band states on the polymer material'? and
PCBM aggregates® playing a crucial role in facilitating the efficient formation of
free charges. Excitations which do not dissociate on this timescale form the bound CT
state, and the mechanism by which this state dissociates is not clear. In particular,
whether excess excitonic energy in the form of higher lying (S, or higher) exciton

%) or relaxed (S,) donor excitons are required to populate hot (vibrationally

states
excited) CT states which rapidly dissociate, 1751281 or whether separation occurs
from the relaxed CT state,??!] remains to be determined. In the case of dissociation
occurring from the relaxed state, the driving force for separation in this case is also

unclear, ™ however a range of factors have been reported to influence the efficiency

30



of charge separation. These include variations in morphology and film crystallinity,
charge mobility, electric field strength, and charge delocalisation. [453120:79]

The last of the terms in Equation 2.25 is the charge collection efficiency, ncc. This
is determined by the competition between recombination in the bulk, and charge mi-
gration to followed by extraction at the electrodes. The two major recombination
pathways in OPV are bimolecular recombination at the heterojunction, proceeding
via reformation of the bound CT state described above, or monomolecular recombi-
nation of a mobile charge with a trapped charge of opposite polarity. ' One method
of increasing ncc is by optimising the nanoscale morphology and increasing phase
separation in order to minimise recombination while maintaining a high fraction of
exciton dissociation at the interface. This is commonly achieved by post-processing
steps including solvent treatment*”) and thermal annealing.'™ Additionally, high
hole mobility polymers will reduce the time required for charge extraction, minimising

the amount of possible recombination. !
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Chapter 3

Experimental Methods

This thesis is primarily concerned with the energy transfer processes in mw-conjugated
polymers, dye molecules and direct band-gap organic-inorganic hybrid materials as
applied in excitonic photovoltaic devices. The photophysics of luminescent materi-
als such as these can be probed by monitoring the polarisation and wavelength of
emission from photoexcited species in solution or solid state as a function of time
after excitation. Information on the timescales of solvent and vibrational relaxation
processes, energy transfer processes, molecular orientation, the degree of aggregate
formation and the persistence of excitation can be determined by monitoring the pho-
toluminescence (PL) emission. Each of these processes occur on timescales ranging
from between 10712 s and 1071%s for vibrational and solvent relaxation processes. En-
ergy transfer can occur over timescales ranging from anywhere between 107'%s and
107%s depending on the strength and mechanism of interaction between the chro-
mophores involved. "2l Exciton lifetimes in many organic conjugated materials are

126] increasing up to the hundreds of nanoseconds for hybrid organic-

around 1079, |
inorganic materials.

The measurement of time-resolved PL requires generation of pulsed radiation with
a pulse duration which is short compared to the timescale of the processes being
studied. Two methods of producing short laser pulses are the active mode-locking
in solid-state lasers and gain switching in semiconductor diode lasers. These two
processes are described in Sections 3.1.1 and 3.1.2.

The two detection methods used in this thesis, photoluminescence upconversion
(PLUC) and time correlated single photon counting (TCSPC) are described in Sec-
tions 3.2.1 and 3.2.2. In PLUC, sub-ps time resolution is made possible by the short

(100 fs) pulse width of the laser limiting the sum-frequency generation process occur-
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ring at a crystal with nonlinear optical properties. The overall resolution is limited
by both the width of the gate pulse and dispersion effects in the crystal. For a sample
with short optical path length relative to the pulse width, the time resolution of the
system described in this thesis is approx 300 fs as determined by cross-correlation of
the gate beam and laser light scattered from a roughened glass disc held at the sample
position.

The sub-ps resolution of the UC measurement is useful for probing fluctuations
in PL emission at short times after excitation, but can only be used over a window
of approx 1ns. This is because probing the sample PL intensity at different times
requires adding additional path length to the gate beam, which is limited by the
length of available delay stages and issues with beam divergence. In comparison,
TCSPC can be used to measure the PL intensity over a time frame determined by
the repetition rate of the laser, which can be long as ~ 10 ps for gain-switched diode
lasers. The time resolution of TCSPC is lower than that of the PLUC experiment at
35 ps, and is limited by the speed of the detection equipment used. Together, the two
techniques allow time resolved PL measurement over the range 10713 to 10~ "s.

The experimental set-up for the PLUC and TCSPC is described in Section 3.3.
The calibration procedure for establishing the phase-matching condition of the SFG
process and determining the spectral response of the system is described in Sec-
tions 3.4. In order to accurately determine lifetimes of processes, the temporal re-
sponse of the system must be taken into account when analysing experimental data

and methods by which this can be achieved are described in Section 3.5.

3.1 Ultrashort Pulse Generation

Central to all time-resolved photoluminescence techniques is the generation of pulses
which are temporally short relative to the processes under investigation. PL decay
lifetimes of organic molecules in solution and film can range from 100 ps to several
nanoseconds, while energy transfer processes can range from < 1ps to ~ 10ps, de-
pending on the transfer mechanism.? For the work described in this thesis two
different laser sources were used in time resolved photoluminescence measurements.
The Spectra Physics MaiTai is a mode-locked Ti:Sapphire laser with 100fs pulse
duration and 80 MHz repetition rate and was used for PLUC and some TCSPC mea-

surements. The other was a pulsed diode laser with ~ 180 ps pulse duration, used for
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TCSPC measurements on samples with PL lifetime longer than the 12.5ns window

imposed by the cavity length of the Ti:Sapphire laser.

3.1.1 Mode-Locked Ti:Sapphire Laser

In the laser cavity of length d many longitudinal modes operate concurrently, and the
total electric field (for a linear cavity and linearly polarised light) is given by®”!
(N-1)/2
E(t,z) = R[Eoe (otmAw)i=hmz)+om)] (3.1)
m=—(N—1)/2

where Aw = en/d, k,, = (W+—ZLA“’) and wy — mAw < w < wy + mAw lies within the

range of frequencies 2w A f for which laser gain is above threshold.

If the N = 2m + 1 modes have a random phase relation ¢,, between one another,
the total intensity fluctuates around a mean value ~ N|Ey|? and these fluctuations
are periodic with a time constant 7' = 2d/c as shown in Figure 3.1. If all the modes

can be locked together with the same phase, the modes will all interfere constructively

Random phase Mode-locked
o # 0 =0

0 10 20 30 40 50 O 10 20 30 40 50
Time(ns) Time(ns)

Figure 3.1:  Simulated output intensity for a cavity of length d = 1.87m with
N = 1,5 or 21 active modes. Left - no mode-locking mechanism active, right - active
mode-locking. When no mode locking is present, the output is sequence of peaks
repeating at intervals of 7' = 2d/c. When active mode-locking is switched on, the
phase difference between each mode is zero and constructive interference occurs once
per round-trip. Output pulses repeat at intervals of T = 2d/c and the pulse width
decreases with increasing number of modes.
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at one point per round-trip of the cavity forming one pulse, and Equation 3.1 reduces

to

(N=1)/2
E(t, 0) _ Z Eoefi(woerAw)t
m=—(N—1)/2
(N—1)/2
= Fycos(wot)[1 + 2 Z cos(mAwt)] (3.2)
m=1
Sin(NAwt)
=FE 2_~ cos(wot 3.3
(3.4)
This results in pulses separated by
2d 2T
T=—=— 3.5
c Aw (35)
with pulse width given by
2 1
(3.6)

"7 NAw Af
Phase matching can be achieved by various techniques including active mode-
locking, passive mode-locking with saturable absorbers, and Kerr-lens mode-locking. [/
Active mode-locking involves modulating the electric field amplitude at a set fre-
quency €2, usually with an acousto-optic modulator (AOM). When acting on the
central mode with frequency wy, this produces side-bands in the frequency domain at
wo = Q. If 2Q = e /d, the spacing between the central and side bands will be equal
to the neighbouring modes wy; and w_;. In this way, the relative phases between
all active modes in the laser are locked together. In the MaiTai, a fast-photodiode
measures the period of mode beating in the CW output (Figure 3.1, LHS) in order
to determine the correct frequency for the AOM. This variant of active mode-locking
is termed regenerative mode-locking and allows for compensation of the modulator
frequency following a minor change in the cavity, thus increasing laser stability.
(Ti**Al,03) has a working range of 650 — 1100 nm (~ 180 THz), and, since the
minimum attainable pulse width is inversely proportional to the spectral range of
the laser, it is an ideal material for sub-ps pulsed systems. Pulse durations of as
short as Hfs are achievable with Kerr-lens mode-locking. Such short pulse widths
are spectrally broad and cannot be achieved by active mode-locking methods. The
regenerative mode-locked MaiTai used in this thesis has a pulse duration of 100 fs,
bandwidth of 10 THz (~ 20nm at 700 nm) and repetition rate 7" = 80 MHz.
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3.1.2 Pulsed Diode Laser

As the resonant cavity of semiconductor lasers is the semiconductor material itself,
addition of a saturable absorber or AOM for passive/active mode-locking is not pos-
sible. Pulsed operation in these lasers is instead achieved by Gain Switching. If a
strong pump current is switched on, a large number of charge carriers are rapidly
injected into the semiconductor material, raising the number of carriers well above
the threshold level. PL from the diode changes from predominantly spontaneous to
stimulated emission and excess charge is rapidly depleted. The photon and charge

densities are described by a system of coupled rate equations !

AN J(t) N
as S N
E = FO[(N - N())S - Toon + FkT_S (38)

The terms on the right hand side of Equation 3.7 are : (i) the generation rate by
charge injection (J(t) is the time dependent pump current, e is the electronic charge,
d is the layer thickness of the semiconductor material); (7i) the reduction of charge
carriers by spontaneous recombination (NN is the charge carrier density and 7y is
the lifetime for spontaneous recombination); (74) the depletion/formation of charge
carriers by stimulated emission/absorption (« is the gain coefficient, S is the photon
density and N — Ny determines whether SE or absorption occurs).

Equation 3.8 is a rate equation for the photon density, with terms describing: (i)
the number of SE photons exiting the device (I" is the optical confinement factor);
(i) photon depletion by interaction with phonons (7,ne, is the phonon lifetime); (%iz)
photon creation by spontaneous recombination. A solution for these equations for an
AlGaAs stripe-geometry heterostructure diode laser is shown in Figure 3.2.[8!

If the current applied to the laser is turned off as the emission intensity peaks,
carriers will be depleted to below threshold and only a single pulse of light is emitted,
whereas a series of peaks with decreasing amplitude would be produced if the high

210] Pulses produced by this method are in general

pump current were maintained.
between 50-130ps in duration (FWHM) and span a wavelength range from 375-
1600 nm as a wide variety of semiconductor materials and device architectures can
be used to make diode lasers. Since the pulse generation process is electronically
controlled the repetition rate of these lasers are completely tunable between 2.5 MHz

and 80 MHz.
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Figure 3.2: Simulation of gain-switching a semiconductor diode laser as described
by Equations 3.7 and 3.8. The pump current (blue line) is the sum of a continuous
background current and a temporary extra burst of current switched on whenever
a pulse is required. The extra current injects extra charge carriers (dashed black
line) which decay radiatively. When above the threshold concentration, stimulated
emission occurs, rapidly decreasing the number of charge carriers and increasing the
photon flux. If the pump pulse is switched off, carriers are depleted to below threshold
and only one pulse is produced.

3.2 Time-Resolved Photoluminescence

3.2.1 Photoluminescence Up-conversion

The polarisation of a medium by monochromatic light waves with frequency w can

be expressed by a series 27201

= o(XVE + YPE 4+ y\OE3 + .. )

where the first and second terms are the referred to as the linear and second order
contributions to the total polarisability respectively.

If a beam consisting of two monochromatic components with frequencies w; and
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wa,

E(r,t) = Eye™™" + Eye ™' y cc (3.10)
= AjelfirTiet 4 Apeiker—ival 4 ¢ ¢ (3.11)

is incident on a crystal with nonlinear optical properties, the contribution to the total

polarisation from the second order component is given by

PO (t) =P [Eile 2t ¢ F2o~22t 4 9B Byeilwrten)t (3.12)
—_—— Y—— ~~ o
i) SHG i) SHG iii) SFG
+ 2B, Eye =2 e 0] 4+ 2P E|E} + EyF3) (3.13)
- ~~ _/
iv) DFG v) OR

The first two terms oscillate at a frequencies of 2w, and 2ws. These result in
generation of radiation at frequencies twice that of the input waves, termed second
harmonic generation (SHG). The third term produces radiation of frequency wy + ws,
referred to as sum-frequency Generation (SFG). The fourth term results in a wave of
frequency |wy — wy| difference frequency generation (DFG), and the final two terms
which have no time dependence correspond to optical rectification (OR).

For the case of sum-frequency generation, the polarisation component oscillating

at frequency ws = w; + wy results in production of a third wave
B3 = Age'hsziwst (3.14)

the amplitude of which is described by the equation

= (§
dz ksc?

, where Ak = k3 — ki — ko, (3.15)

providing the amplitudes of the input beams A; and A, change only by a negligible
amount, and that generation rate of Aj is slow. After travelling through a nonlinear
material of thickness L, the total intensity of the SFG beam is given by

[25I0°(AKL/2)
(AkL/2)?

8(X(2))2w§11[2
n1n2n36002

I3(L) = K? , with K2 = (3.16)

where I; is the intensity of beam 4 and n; is the corresponding refractive index. 2"
The amplitude of the SFG signal is maximised when Ak = 0, ie. ngks = nik; +

noksy. This is known as the phase matching condition and can be achieved in crystals

with birefringent properties. For the case of a negative uniaxial crystal such as (-

barium borate (BBO) used in this thesis, type I phase matching is achieved when the
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high frequency component has extraordinary polarisation, while the two input beams
have ordinary polarisation. The angle of the crystal can be varied until Ak = 0.

The photoluminescence upconversion experiment is effectively an optically gated
photodetection system. The photons detected are those produced by the SFG process
in the nonlinear crystal, and since the SFG process can only occur when the short
(100 fs) laser pulse is present at the same time as the PL signal pulse, the crystal
effectively acts as an optical gate which is open when the laser (gate) pulse is present,
and closed when the gate pulse is absent.

As the intensity of the output pulse is proportional to the intensity of each of
the input pulses, the time-profile of the entire PL pulse (at a frequency wsy) can be
mapped by measuring the intensity of the SFG product as a function of the time-
delay between sample PL and laser pulses. This is shown schematically in Figure 3.3.
Spectral resolution is afforded by the phase-matching condition, and the frequency
spectrum of the PL pulse at any given time-delay can be measured by synchronously
scanning the nonlinear crystal and detection wavelength.

The time resolution of the upconversion experiment is limited by the width of the
gate pulse and dispersion effects in the nonlinear crystal. For the system described
here, the time resolution is approx 300fs when a 1mm thick BBO crystal is used.
Sharper time-resolution can be achieved by using thinner BBO crystals, however the
signal-to-noise ratio of the experiment will be reduced.

Although high time-resolution is advantageous, because each additional 1 m in
beam path length corresponds to ~3ns delay, the measurement of long (> 1.5ns)
signal pulses is difficult to realise. The TCSPC technique is an electronically gated

process which is suitable for measurement of PL over these longer time frames.

3.2.2 Time Correlated Single Photon Counting

The TCSPC technique is an indirect method of measuring the temporal shape of a
photoluminescence pulse signal by detecting a single photon, measuring the detection
time and building up a statistical representation of the pulse shape. The output from
a pulsed laser consisting of a regularly spaced train of pulses is split into two beams,
one of which is detected by a fast photodiode and acts as a reference signal for timing,
and the other used to excite the sample. Photoluminescence is collected and detected
by a single photon counting device, in this thesis either a photomultiplier tube (PMT)
or an avalanche photo-diode (APD). The power of the beam exciting the sample is
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Figure 3.3: Schematic description of the upconversion measurement. a) The gate
beam and PL beams are focussed onto the centre of a nonlinear crystal (BBO), and a
third beam of SFG photons is produced. The angle of the crystal € is varied in order
to meet the phase-matching condition. b) As the gate pulse (red) is much shorter
in duration than the PL pulse, the output generated at any given delay t; will be
proportional to a small part of the total PL pulse. ¢) Varying the time delay between
the two pulses allows the entire PL pulse to be mapped out. The light blue squares
are the integrated SFG beam intensity at various time delays, and the dashed blue

curve is the original PL pulse.
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set low in the TCSPC experiment, such that the probability of a single photon being
detected per pump-decay cycle is < 1, and therefore the signal out from the APD is a
series of randomly and widely spaced pulses, while the photodiode measures a regular
series of pulses straight from the laser. The output from both of the photodiode and
APD detectors are sent to a TCSPC counting card (Becker & Hickl SPC400) in a
computer.

In the case of a photon being detected, the detection time t; is determined relative
to the previous reference pulse and a single count is added to a memory bin allocated
to a window in which ¢, lies. If no photon is detected in any given cycle, the next
reference pulse resets the timer. Since the detection probability is proportional to
the PL intensity at any given time, after many repetitions a distribution of counts
versus detection time is built up, corresponding to the real PL pulse shape. This
is shown graphically in Figure 3.4. As the counter is reset each time two reference
pulses are detected without any photon being detected, the maximum time window
for measuring a PL pulse is determined by the laser repetition rate. For the 80 MHz
mode-locked MaiTai, this corresponds to a 12.5ns time window. The use of a pulse
picker or alternative lasers with a lower repetition rate, eg. gain switched diode lasers
described in Section 3.1.2 are two methods of extending the measurable range.

Since the detection time is determined by the arrival time of the PMT/APD
output pulse rather than the output pulse width, time resolution is determined by
the variation in time between photon absorption and output pulse rather than the
actual pulse width of the detector. The former is generally shorter than the latter, and
can be as low as 35 ps for avalanche photodiodes such as the Single-Photon Avalanche
Photodiode (SPAD) from Micro-Photon Devices (MPD) used for the work described
in this thesis.

The signal to noise ratio of the TCSPC experiment is good, scaling as v/N where
N is the peak count number. This is due to the fact that a single count is added to the
memory bin per photon detection event, and is independent of the signal amplitude
from the PMT/APD detector.

As mentioned above, the probability of a single photon being counted per pump-
decay cycle needs to be < 1 for the TCSPC experiment. This is required in order to
avoid error in measured intensities and distortions of the measured decay curve. This
restriction is imposed on the photon count rate by two effects: the dead-time of the

system and pile-up effects. 2! The dead-time of the system is a time window following
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each photon detection event in which no further photons can be detected, and arises
due to the method by which the time between a photon detection event and the next
reference pulse is converted into a digital signal. This results in a discrepancy between
the real and measured signal intensity. Pile-up effects arise from the fact that only
one photon can be detected per cycle, and hence the measured fluorescence lifetime is
artificially shortened as the signal intensity increases, as only those photons detected
early in the pump-decay cycle are recorded. Both of these effects can be avoided by
restricting the photon count rate to around 0.1% of the reference count rate. For
the Ti:Sapphire laser system used in this thesis, this corresponds to a count rate of

approximately 10° cps.

3.3 PLUC/TCSPC System

The system used for most of the PL upconversion and TCSPC measurements de-
scribed in Chapters 4 and 5 is shown in Figure 3.5. The output of the pulsed MaiTai
laser can be used to excite the sample and gate the PL directly, or if a pump en-
ergy outside the range 690-1040 nm (345-520 nm by frequency doubling), the output
from an optical parametric oscillator (OPO, Spectra Physics Inspire 100) can be used
instead.

For operation without the OPO, the output beam from the laser is adjusted to
the table working height (20cm) by a periscope and then split into two parts by
a polarising beam-splitter cube. The ratio of power in each beam is adjusted by
the achromatic A\/2 waveplate positioned directly before the beamsplitter cube. The
undiverted beam is directed via two mirrors mounted on an automated translation
stage. The final starred mirror in the gate beam path is removed for the upconversion
experiment, such that the beam continues along path A and is directed and focussed
by a single mirror and lens onto a BBO crystal mounted on an automatic rotation
stage. The detection optics are kept inside a black box in order to minimise detection
of stray room light. For the TCSPC measurement, the final mirror is replaced and
the beam travels along path B to a fast photodiode. The output from this photodiode
is relayed to the TCSPC counting card and is the reference pulse train described in
Section 3.2.2.

The diverted beam is condensed onto a second BBO crystal tuned to maximise
second harmonic generation from the input beam. Any residual long-wavelength

laser light is removed by a second Glan-Thomson polariser and short-pass absorptive
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Figure 3.4: Description of the time correlated single photon counting technique. a)
The real sample PL pulse shape. b) The time after excitation (measured relative to the
gate pulses incident on the photodiode) are different each cycle, and in many cycles,
no PL photons are detected whatsoever, in order to reduce pile-up effects described
in Section 3.2.2. ¢) After many cycles, a distribution of counts versus detection time
is built up, replicating the signal PL shape (dashed line).
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filter (Schott Glass BG39). This pump beam is then directed toward the sample
position via a A\/2 waveplate and a third Glan-Thomson polariser in order to set the
polarisation of the pump beam and control the average power. It is focussed by a
25 mm focal length lens onto the sample position. The emitted PL is collected and
focussed onto the BBO crystal by two off-axis parabolic mirrors. These are used
rather than glass optics to minimise chirp of the PL pulse. Scatter of the pump beam
from the sample and its holder is removed by a long-pass filter in front of the box. For
the upconversion experiment, the angle of the BBO crystal is adjusted to maximise
upconversion efficiency of the PL at the required frequency. The SFG photons are
collected, collimated and focussed onto the entrance slit of a monochromator (Jobin-
Yvon Triax) and measured on a liquid nitrogen cooled CCD (Symphony). A pinhole
and band-pass filter (Schott glass UG11 or UG1) are used to block unconverted PL,
gate beam photons, and light at twice the gate beam frequency generated by SHG in
the BBO crystal.

For the TCSPC measurement, the BBO crystal is replaced with a polariser, and
the output from the monochromator is directed onto either a large-area photomulti-
plier tube (Hamamatsu PMC-100-20, 230 ps instrument response) or small-area sil-
icon avalanche photodiode (Micro Photon Devices SPD-050-CTE, 35 ps instrument
response).

If the excitation wavelength required lies outside of the range accessible with the
laser alone, the OPO can be used. The MaiTai is tuned to 820 nm output and the
mirror between the laser and OPO removed. Additional mirrors (marked with stars)
are added or removed to direct the OPO depleted fundamental beam and signal, SHG

or idler output along the gate and pump beam paths respectively.

3.4 Crystal Angle Calibration

The efficiency of the SFG process depends critically on the angle of the crystal axes
relative to the polarisation and propagation direction of the input gate and sample
PL beam. For a time resolved measurement at a single PL. wavelength, this can be
optimised by rotating the crystal until the integrated CCD signal is maximised, with
the monochromator central wavelength set to Aget, where 1/Ager = 1/ApL, + 1/ Agate.
Measurement over a range of wavelength values requires calibration of the rotation
stage angle over the range of interest and will differ according to the gate beam

wavelength and crystal cut angle. This is done by replacing the sample PL with
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Experimental set-up for photoluminescence upconversion spectroscopy

and TCSPC. The beam paths A and B are those taken by the gate beam for the

Figure 3.5:

PLUC and TCSPC experiments respectively. Optics marked with a star are secured

with removable magnetic bases to allow for quick conversion between experiments

using either the OPO or the MaiTai as the laser source.
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white light from an incandescent bulb with known irradiance. The monochromator is
tuned to the appropriate wavelengths for SFG over the range of interest at ~ 25nm
intervals and for each wavelength the integrated CCD counts versus crystal angle
are measured. The centre point g of each distribution can be determined by fitting
the data points with a Gaussian curve. The crystal angle for any given input PL
wavelength for a fixed gate pulse energy is then determined by fitting the points with
a polynomial. An example of the calibration for a gate wavelength of 900 nm and
BBO crystal cut at § = 30°, ¢ = 0° is shown in Figure 3.6.

0(Epr) = Py + PLEp, + PE%, + BE}, (3.17)

For time resolved PL spectra, the measured spectrum is a product of the real PL

spectrum f(A) modified by the spectral resonse of the system

]obs()\> = f(/\) * ch()\), (318)

where g()\) depends on the crystal angle, absorption profile of the long pass filter and
band pass filters used, and the spectral response of the monochromator and CCD.

The measured upconversion spectrum is given by

IO *que = Iobs - Igate - Ibulb + ]da’f‘k?) (319)

where I is the known spectral irradiance, I, is the measured upconversion spectrum,
Iqte s the background signal when the white light source is turned blocked and only
the gate beam is present, [y, is the white light source alone, and Iy, is the back-
ground with both beams blocked. Similarly, for time integrated photoluminescence
spectra and time resolved spectra obtained by TCSPC, the spectral response of the

system can be calculated by

IO *g = Iobs - Idark~ (320)

3.5 Data Analysis — IRF Deconvolution

For any time resolved PL detection method, the measured trace is always broadened
by the finite width of the pump pulse and the resolution of the detection method. For
a general decay process ¢(t), the observed decay curve is a convolution of g(t) with

the Instrument Response Function (IRF) f(¢), such that

funslt) = (f % 9)( / F(E) gt — )t (3.21)
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Figure 3.6:

Crystal calibration routine: a) Measurement of upconversion intensity

versus crystal angle for input PL wavelength between 450 nm and 675 nm with 900 nm
wavelength gate beam and fitting each with a Gaussian curve to find the crystal angle
at the peak. b, ¢) Fitting the peak energy versus crystal angle (Eq. 3.17 and residuals.)
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For the results presented in this thesis, when fitting time resolved data the general
form of the function g¢(¢) is known and the fit parameters are determined by itera-
tive reconvolution using a non-linear regression fitting routine. For each iteration of
the fitting algorithm, the convolution of an experimentally determined IRF and the
function ¢(t) is calculated and compared with the data. The parameters = of g(t)
are varied in order to minimise the sum of the squares of the difference between the

function and data points
N
S= [fobsilz.t) = vi]*. (3.22)
=1

The IRF is measured by by replacing the sample with a blank, roughened substrate
and tuning the output of the laser or OPO to the sample PL wavelength. The long
pass filter in the sample PL beam path is replaced with a neutral density filter and
a TCSPC trace measured. The filter ensures the count rate of the scattered photons
is at least three orders of magnitude lower than the laser repetition rate in order to
avoid pile-up effects.

The observed function can be obtained from the measured IRF and model function
by

frult) = FRUE(F) Flg()] (3.23)

where F'(f(t)) and F(g(t)) are the discrete Fourier transforms of the experimental IRF
and model function respectively, or by replacing the integral in Equation 3.21 with a
sum and evaluating fpy directly. The use of the fast Fourier transform algorithm to
calculate fpy is much quicker than direct computation, but depends strongly on the

level of noise in the measured IRF.
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Chapter 4

Rapid Intramolecular Energy
Tranfer in D-A—-D Triad Dyes

4.1 Introduction

Luminescent solar concentrators (LSC) 22782136 are a separate class of concentra-
tor devices based on a luminescent material embedded in a transparent lightguide.
Incident light is absorbed and then re-emitted at longer wavelengths, with a large
proportion of the re-emitted light carried to the edges of the guide by total internal

reflection where it is coupled out to PV cells distributed around the edges. %!

In gen-
eral, the intensity of light at the edges relative to that incident on the front surface
is much smaller than the surface to edge ratio of the device. This is a result of the
many loss sources associated with LSC, summarised in Figure 4.1.1% Of these, three
of the largest loss mechanisms are incomplete absorption across the solar spectrum by
the luminescent material (5a), self absorption losses during transit from the original
absorber and the lightguide edge (2), and escape from the front surface which is not
internally reflected (1).

Attempts to address the first of these issues have been made by using stacks of
multiple layers, each absorbing over a different part of the spectrum,®? or multi-

8213 T order to direct photoluminescence away from the

ple dyes in the same film.!
surface, an anisotropic distribution of luminophores is crucial. ®%151 Anisotropic dye
distribution results in a larger fraction of the emitted photoluminescence (PL) be-
ing directed toward the edges of the lightguide and away from the surface, reducing
escape losses, 222192 while energy transfer between donor and acceptor units on the
same molecule reduces self-absorption losses as has been recently shown. > A donor-

acceptor-donor triad dye with two unsubstituted perylene bisimide (PBI) donors and
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one bay-substituted PBI acceptor in a collinear arrangement was incorporated into
a switchable liquid crystal (LC) host. The elongated shape of the triad molecule
enabled facile alignment with the LC host, while the 2:1 ratio of donors to accep-

tors means that self absorption effects could be minimised without compromising on

E—na
W //ZA.{:{‘; o

-

3a 3c

incident light absorption.

w
=8

Ya

Figure 4.1: The mechanism of operation of a Luminescent Solar Concentrator. In
ideal device, all incident photons (green ray) will be absorbed by the luminophores
(red circles), and all emission will be directed to the coupled photovoltaic unit. Loss
sources in real devices are: 1) Light emission outside of capture cone, not reflected
internally; 2) Re-absorption of photons during transit; 3a) Incomplete absorption by
embedded luminophores; 3b) Deactivation of embedded luminophores; 3¢) Non-unity
quantum efficiency of luminophores; 4) Photovoltaic cell losses; 5a) Reflection from
the waveguide surface; 5b) Parasitic absorption by the waveguide; 5¢) Scattering by
waveguide defects; 5d) Surface scattering. (Taken from: Debije and Verbunt, 2012)

In PBI the dipole moment of the S, transition is aligned along the long axis of the
perylene unit. #2438 Thus when the linear triad dyes are all aligned with the LC host
there is very little absorption of light polarized perpendicular to the long molecular
axis. Incorporating a second dye which shows the same efficient intramolecular energy
transfer from donor to acceptor units but has orthogonal donor and acceptor S, tran-
sition dipole moments would enable more complete absorption of incident light with
any polarization, while further lowering self-absorption losses. Such an arrangement,
however, would be expected to show very low energy transfer rates from a simple
Forster model.

In this chapter, a triad dye is studied, in which switching of photoluminescence po-
larization along with exceptionally fast excitation energy transfer (EET) is observed,

in contrast to predictions of the Forster model. The photophysics of the D—A-D triad
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in which D/A dipole moments are orthogonal are compared with those of a triad in
which the dipole moments are collinear. Rapid energy transfer (7 ~ 1ps) and strong
PL anisotropy was observed in both molecules when the donor units are selectively
excited. The broad absorption across much of the visible spectrum of these two dyes,
along with the efficient energy transfer and PL polarization switching makes these

dyes ideally suited to use in LSC devices.

4.2 Experimental

For time-resolved photoluminescence measurements, solutions of the dyes TH, TL
and A (see Figure 4.2) were prepared by dissolving the purified dye powder in chlo-
roform solvent at concentrations of around 1 x 10™* M in a quartz cuvette with path
length 1mm. Energy transfer rates and time resolved spectra were measured using
the fluorescence upconversion technique described in Chapter 3. The MaiTai laser
was tuned to 900 nm, 100 fs pulse duration. The laser fundamental was used as the
gate beam in the upconversion experiment, and the sample solutions were excited by
the frequency doubled beam. Dilute solutions with optical density at the maximum
absorbance of < 0.1 OD steady state photoluminescence measurements in order to
minimise distortion of the emission spectrum by self-absorption effects. Steady state
PL spectra were measured using a spectrally calibrated fluorimeter (Horiba Florolog).
Time resolved PL decays (~ns timescales) were measured with a PicoQuant Pico
Harp 300 commercial TCSPC system. Samples were excited with the pulsed output
of a 450 nm diode laser (LDH-P-C-450) powered by a picosecond pulsed diode laser
driver (PDL 820) with pulse duration of 200 ps FWHM and a repetition rate of 16
MHz.

The Photoluminescence Quantum Yield of the triad dyes TH and TL, and the
three reference dyes DH, DL and A was recorded using an integrating sphere (New-
port 70682NS) with the technique described by Mello et al. ! Solutions of each dye in
chloroform were excited with the attenuated tunable output of an optical parametric
oscillator (Inspire HF 100). PL emission and pump intensities were measured with
a spectrally calibrated CCD and spectrometer which was fibre coupled to the exit
port of the integrating sphere. Absolute quantum yield values of the dyes were cross
checked against a solution of known quantum efficiency, cresyl violet in ethanol. [146]

DFT calculations were performed with the NWChem 6.3 package??”) for Linux
on a computer with an Intel Core i7-3770 CPU and 32 GB RAM. Ground state ge-
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ometries were optimized at the B3LYP/6-31G* level. Calculations were carried out
to assess the extent and energies of the frontier molecular orbitals. In order to reduce
computation time, only one donor and the central acceptor unit of the triad dye TH
were included, as the donor units at either end of the triads are idential, and it is the
degree of direct electronic interaction between D/A units which is of primary inter-
est. The phenoxy groups at the bay positions of the acceptor unit were replaced with
methoxy groups and the alkyl chains attached to the carboximide N atoms were re-
placed with methyl groups in order to further reduce computation time. The ground
state geometry was optimized at the B3LYP/6-31G* level for the both the “flat” and
“twisted” molecules and the extent and energy of the frontier molecular orbitals were

then calculated.

4.3 Results and Discussion

4.3.1 Steady State PL Spectroscopy

The dyes reported in this chapter are based on a central bay-substituted perylene
bisimide, directly linked to either two benzoperylene tris-imides[?” or two unsub-
stituted perylene bisimide units. Bay substitution lowers the energy of the Si. ¢
transition relative to the unsubstituted dye (see A as compared to DL in Figures 4.3
and 4.4), allowing the central unit to act as an acceptor and the outer two units as
donors in energy transfer processes and minimising re-absorption by the donor units
of any PL emitted by the acceptor in the LSC. In addition, bay substitution increases
solubility and ease with which these and similar dyes can be incorporated into a host
matrix, making them promising for use in LSC.[4575] The molecular structures of
the two triads (TH, TL) are shown in Figure 4.2, along with the structures of the
donor and acceptor reference molecules (DH, DL, A).

Since for each of the donors and the acceptor the lowest lying optically active
transition has a dipole moment polarized along the long (N-N) axis of the perylene
bisimide backbone,¥%4 the dye with benzoperylene donors is referred to as the H-
shaped triad (TH) due to the orthogonal arrangement of these transition dipoles,
while the triad with collinear transition moments is referred to as the linear triad
(TL).

Figure 4.3 shows the optical absorption spectra of TH and TL triad dyes in
solution. The lowest energy 0-0 peaks located at 465nm (TH, DH), 527nm (DH)
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Figure 4.2: The chemical structures of the 5 dyes used in this chapter. Dyes TH
and TL are the H-shaped and linear donor-acceptor dye triads, dyes DH and DL are
their respective donor moieties, and dye A is the acceptor perylene bisimide common
to both. Materials synthesised and purified by J. ter Schiphorst.
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Figure 4.3: Absorption spectra of a) dyes TL, DL, and A; b) dyes TH, DH and A
in CHCl3, normalised to the sum of the donor and acceptor absorbance. Solutions of
triad dyes TH and TL, and A had a concentration of 10 pM whereas DH and DL
were at 20 pM. Spectra were recorded with a Perkin Elmer Lambda 1050 spectropho-
tometer. The solid lines are the experimentally measured data and the dashed grey
line in each case is the linear combination of the individual dye and acceptor spectra.

and 550 nm (A) correspond to Si. ¢ transitions with dipole moment along the long
axis of the perylene bisimide unit.['¥%%3 Higher energy transitions located around
375nm in TH and DH have an associated transition dipole moment perpendicular
to the PBI long axis, and involve the attached benzene and bisimide functional groups
of the donor unit. %

For these absorption measurements, solutions of the triad dyes and acceptor
monomer were prepared at a concentration of 10 pM, and those of the donor monomers
at 20 pM. Therefore, the overall concentration of donor and acceptor units was the
same in all cases, whether they were part of a triad or free in solution. As a result,
the linear sums of the donor and acceptor spectra as shown in Figure 4.3 by the grey
dashed lines would be expected to match the spectra of the triad dyes in the absence

of any direct electronic coupling between subunits. In reality however, a strong de-
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Figure 4.4: Normalised time-integrated photoluminescence spectra of a) dyes TL,
DL, and A; b) dyes TH, DH and A in dilute CHCl3 solution. Spectra were recorded
with a spectrally calibrated Horiba Florolog, with CW excitation of wavelength
450 nm.

gree of coupling between subunits is observed; both donor and acceptor absorption
peaks are red-shifted relative to those of the isolated molecules. In particular, the
peaks corresponding to S;. o transitions of the donor and acceptor units in the TL
are red-shifted by approximately 43 meV and 30meV respectively, compared to the
reference molecules DL and A. In the H- shaped triad TH, the donor Sy, ¢ and ac-
ceptor Si. ¢ transitions are red-shifted by 36 meV and 51 meV, while the donor S;, g
peak remains unchanged. A strong degree of electronic coupling is also evident in
the steady-state photoluminescence spectra (Figure 4.4) as the emission peak of the
acceptor incorporated into the triads TL (TH) is red-shifted by 31 (42) meV relative

to the isolated acceptor.

4.3.2 Time Resolved PL Spectroscopy - Spectra

The rate of energy transfer occurring in the triads was investigated by probing both

the donor and acceptor emission intensity after selective excitation of the donor sub-
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unit. Time- and polarization-resolved photoluminescence spectra and transients were
recorded with sub-picosecond resolution using the photoluminescence upconversion
technique as described in Chapter 3. Concentrated solutions (4 x 107* M) of dyes
TH and TL were each excited with the frequency doubled output of a Ti:sapphire
laser at 450 nm. The high solution concentration was required in order to maximise
the temporal resolution of the system, and avoid broadening of the PL signal by
the finite path length (1 mm, corresponding to 6.6 ps) of the cuvette. The excitation
wavelength was set to 450 nm as there is a minimum in the acceptor unit absorption
spectrum at this wavelength allowing for preferential excitation of the donor subunits
(at 450 nm, the total donor absorption is 5.4 and 3.2 times that of the acceptor in dyes
TH and TL respectively, see Fig 4.3). Figure 4.5 shows the normalised time-resolved
PL spectra for both triads at times ranging from 0.1 to 100 ps after excitation, while
the insets show the unscaled PL data.

For TH, emission from the donor unit centred at 510 nm can be observed imme-
diately after excitation which rapidly decays while the acceptor emission increases.
Even at short times (0.1 ps) after initial excitation there is considerable acceptor emis-
sion, which may arise from ultrafast energy transfer or some residual direct acceptor
excitation. The red-shift of the main acceptor PL peak during and after the decay of
the donor emission is assigned to solvent reorientation and relaxation processes. !?0!
A lowering in energy of the peak emission by 50 meV over the same 100 ps window
is also observed in the isolated acceptor in solution (see Figure 4.5¢ and Figure 4.6).
Similar trends are observed for TL, although here the donor emission is spectrally
not as well resolved as it occurs closer in energy to that of the acceptor unit and
hence appears as a shoulder on the blue-end of the peak. Visual inspection however

suggests that energy transfer is even faster for TL.

4.3.3 Time Resolved PL Spectroscopy - Transients

The rate of excitation energy transfer can be determined by following the emission
intensity after excitation at a wavelength specific to either the donor or the accep-
tor. Figure 4.8a shows the decay of the PL from donor and acceptor units following
preferential excitation of the donors at 450 nm. For each of the two triads, rapid
quenching of the donor emission is observed, resulting from efficient EET with a rate
of k; = 83 x 10s™! (7 = 1.2ps) for TH (a similar transfer rate was reported in
related D-A dyad molecules!'®!) and a faster rate of ky = 1.6 x 10257 (t, = 0.6 ps)
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Figure 4.5:
in CHCl; at short times (0.1
normalised time resolved PL,
was corrected for the spectral

are shown in the Figure 4.6.

(a,b) The time resolved PL spectra of dyes TH and TL at 4 x 107*M
to 100 ps) after excitation. The main plot shows the
while the insets show the raw data. Each spectrum
response of the system. (c) Peak emission energy as a
function of time after excitation for triad dyes TH (diamonds) and TL (circles), and
A (squares) as a reference. The normalised and raw PL upconversion spectra for A
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Figure 4.6: (a,b) The time resolved PL spectra of the acceptor dye A at 4 x 107 M
in CHCI3 at short times (0.1 to 100 ps) after excitation. The main plot shows the
normalised time resolved PL, while the inset show the raw data. Each spectrum was
corrected for the spectral response of the system.

for TL. These values were extracted by fitting the data with a mono exponential de-
cay convoluted with the instrument response function taking into account the spatial
excitation profile in the cuvette.

To investigate whether such ultrafast energy transfer induces a change in the di-
rection of the oscillator dipole moment, the transients of the emission intensity with
polarization parallel () and perpendicular (I, ) to the polarization of the excitation
beam were recorded separately. From these data, the time-dependent PL anisotropy
r can be derived as usual, using r = (I — I.)/(; + 21, ), with the result displayed in
Figure 4.8b. The use of a polarized excitation beam will result in preferential exci-
tation of only those molecules with absorption transition moment collinear with the
polarization.?') For a system of randomly oriented molecules with perfectly aligned
absorption and emission dipole moments, an initial PL anisotropy of 0.4 is expected
as a result.?%17 However, for a system in which all emission dipole moments are
perpendicular to the molecular absorption moments, an anisotropy of -0.2 is to be ob-
served. 2! Hence for the linear PBI triad TL, excitation of solely the donor, followed
by complete energy transfer to the acceptor, is expected to yield a value of close to
r = 0.4 for perfect alignment of the coupled donor and acceptor dipole moments. On
the other hand, a value of r = —0.2 would be associated with a polarization flip by
90° on transfer. However, these values may in reality be modified by the presence of

direct acceptor absorption and imperfect dipole alignment.
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Figure 4.7:  (a) Time resolved photoluminescence measured by PL upconversion at
530 (DH and DL), and 620 nm (A), along with the calculated PL anisotropies for each
of the 3 individual donor and acceptor units. (b) Time resolved photoluminescence
transients measured by TCSPC for donor and acceptor reference dyes DH, DL,
and A. The instrument response function is also included for reference (grey dashed
line). All samples were measured in CHCl3 solution. The pump beam was vertically
polarized and the polariser in the detection beam path was set to the magic angle

(54.7°).
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For the H-shaped triad TH, the PL anisotropy of the acceptor emission rapidly
falls to a stable value of -0.05, indicating a significant rotation of polarization between
absorption and emission dipole moments (Fig. 4.8b). If a perfect 90° angle was held
between the transition dipoles of the donor and acceptor subunits, a final anisotropy
of —0.10 would be expected when taking into account the fraction of direct acceptor
excitation derived from the relative absorptivity of the subunits at 450nm. The
observed value of —0.05 is higher than this, and would be commensurate with an
angle of 72° between dipole moments,?'”l suggesting that the long axes of adjacent
PBI units in TH may not be perfectly perpendicular.

The PL anisotropy of the linear triad TL has a starting value of 0.4 at time ¢ = 0,
partly influenced by some direct excitation of the acceptor, then decays to a stable
value of 0.32 upon EET. These data demonstrate that the emission dipoles of the
subunits in this dye are aligned and polarization is mostly retained on EET, although

as is the case with TH this alignment appears to be slightly imperfect.

Dye 74 (ps)? 7o (ps)P PLQY ©
TH 1.96" (510) 4260 (590) 0.66 (460)

0.75 (515)
0.8 (525)
TL 1.05" (510) 4220 (590) 0.52 (450)
0.62 (490)
0.67 (525)
DH 6300 (510) - 0.20
DL 4400 (580) -~ 0.86
A - 5000 (580) 0.72

Table 4.1: ®PDecay constants as determined by fitting a monoexponential decay to the tail of the
PL spectra of each of the 5 dyes as measured by TCSPC. The short and long wavelengths correspond
to emission detected from the donor and acceptor subunits respectively. Values in parentheses are
the detection wavelengths in nm of the PL trace from which each PL lifetime was extracted. TThe
approximate timescale of energy transfer from donor to acceptor as determined by fitting a bi-
exponential decay model to the short lived PL with wavelength of 510 nm. “PLQY determined from
solutions of each dye in CHCl3 with an accuracy of £0.05. Values in parentheses are the excitation
wavelength in nm.

This is in sharp contrast to the polarisation anisotropy of the three reference dyes
DH, DL, and A, all of which are ~ 0.4 and remain high over the time scale of the
measurement, as can be seen in Figure 4.7a. This is consistent with excitation and
emission along a single transition dipole. The recorded value of > 0.4 for the linear

donor and acceptor materials is due to a systematic errors of the measurement. The
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Figure 4.8:

(a) Total PL intensity and (b) PL anisotropy as a function of time after

excitation for the triads TH and TL in CHCI3. In each case, the solid (empty) circles

show the PL and anisotropy measured at 510 nm (620 nm).

The dashed lines are

lifetime fits with a monoexponential decay, convoluted with the instrument response
function (dot-dash line). Lifetimes of 7 = 1.2 ps and 7 = 0.6 ps were determined for
TH and TL respectively. The point of ¢ = 0 for the PL anisotropy was defined as the
time at which the normalised PL intensity was unity. The excitation wavelength for
both measurements was 450 nm and the dyes were at a concentration of 4 x 1074 M

n CHClg
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absolute PL intensity measured is sensitive to alignment, which must be re-optimised
between measurements of the emission polarised perpendicular and parallel to the

excitation polarisation.

4.3.4 Energy Transfer Modelling

From the perspective of Forster EET theory!™7! the ultrafast energy transfer ob-
served for TH is highly surprising, given that the transition dipoles for emission
and absorption of the donor and acceptor units are expected to be fairly orthogonal.
In Forster’s model, energy transfer is mediated by a Coulombic interaction between
transition dipole moments on the donor and acceptors at a rate k, given by:

. 9000(111 10)HQCDDJDA

k=
12877'5714]\[,47'1)’].:{,DA|67

(4.1)

where ®p is the fluorescence quantum yield of the donor, 7p is the radiative lifetime
of the donor emission, N4 is Avogadro’s constant, n is the refractive index of the
medium (n = 1.446 for CHCl3), and |Rpa| is the distance between the donor and
acceptor point dipoles associated with the transitions. The orientation factor, k is
given by

k= papp —3(HaRpa)(ppRpa), (4.2)

where p 4, and pp, are the unit vectors of the transition dipole moments on the donor
and acceptor respectively, and Rp4 is the unit vector along the line connecting the
two. Jpa describes the degree of overlap between the normalised donor emission and

acceptor extinction coefficient as
JDA = / FD(A)€A(/\)>\4CZ/\ (43)
0

For a system in which the transition dipoles of the donor and acceptor are orthog-
onal to each other and to the vector connecting them, a value of k = 0 is obtained,
and hence energy transfer is absent. One key assumption is that the transition dipoles
on the two units involved in EET can be modelled as point dipoles, that is, they are
small compared to the separation between them. In dyes such as the triads investi-
gated here this is obviously not the case, as both the length of the perylene bisimides
and the separation between them are on the order of 1-2nm.

To assess whether such electronic wavefunction delocalisation can account for the
observed ultrafast energy transfer in TH it is useful to compare experimentally ex-

tracted rates to a suitably modified version of Forster theory. There are several
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methods of accounting for the comparable length scales of separation and transition
density extension, including the line-dipole, ??*! distributed-monopole, " and transi-
tion density cubel'?! models. These models are applicable to cases with very-weak
coupling between chromophores such as TH, in which there is no shift of the donor
S, peak positions despite the close proximity of donor and acceptor. 142 Here a two-
dimensional variation of the line-dipole model was used, in which coupling between
local transition densities in the plane of the donor and acceptor molecules is con-
sidered. The transition density on the donor and acceptor was approximated as the
ground state of a 2-D particle in a box, and split into N; and NV; subunits p; and p;
as depicted schematically in Figure 4.9a. A sum over the interaction between each
element of the total dipole moments was incorporated into the EET model such that

the transfer rate kop is given by [21:229188]

N;,Nj; 2

~9000(In 10)® T4 3

[ — HifbjKig
2b 128mn*Ny7mp

: (4.4)
IR4;?

i.j
where p1; and p; are the transition dipole moment elements, r;; is the orientational
factor between subunits, as given in Eqn. 4.2, and R,;; the distance between the
midpoints of the interacting elements.

The calculated energy transfer rates are shown in Figure 4.9b for TH (top) and
TL (bottom).

The energy transfer rate (kprger) as a function of the number of elements along
the long and short axes of the donor unit (/V;) are plotted for each with dashed lines
included as a guide to the eye

For a value of N; = 1, Equation 4.4 reduces to the simple Forster model — here,
an energy transfer of identically zero is obtained for dye TH assuming orthogonal
transition dipole moments. For any number of elements N; > 1 however, rapid
energy transfer on the order of (20 ps)~! for TH and (0.15 ps)~! for TL are predicted,
highlighting the importance of taking the spatial extent of the transition dipoles into
account.

For the linear triad, TL, the model predicts an energy transfer rate of (0.15ps)™!,
which is comparable to the experimentally determined transfer rate of (0.6 ps)~*. For
the H-shaped triad, TH however, the predicted value of (26 ps)~! is more than an
order of magnitude slower than the experimental value of (1.2ps)~!. PL anisotropy
measurements discussed above indicated that the angle between donor and acceptor

transition dipole moments on TL (TH) may have not be fully aligned (orthogonal).
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Figure 4.9: (a) Schematic representation of the FRET model of energy transfer
between Donor and Acceptor in dyes TH and TL. Dipole transition moments within
each chromophore were those from a 2D PIB model, and bending in the D-A bond
was introduced by pivoting about the bond mid-point in the x-z plane. (b) The
calculated energy transfer rate (x 10'°s7!) as a function of the number of dipoles
included along the long-axis (left) and the bending angle (right). The dashed lines in
the left hand-side plots are included as a guide to the eye.
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The impact on energy transfer of torsions and bending around the N-N bond were
therefore also investigated. The energy transfer rate was calculated as a function of
the bending angle 6, of this bond (Fig 4.9b, right hand side). Here, the number of
elements along the long axis of the perylene unit was set to N; = 10 in order to allow
a compromise between the adequate representation of the continuously distributed
wavefunction and the limitations imposed by computational speed. For TH, even a
relatively large bending angle of 20° between donor and acceptor units only increases
the energy transfer rate very slightly up to (24 ps)~', which is still far slower than the
experimentally observed value. Therefore, while electronic wavefunction delocalisa-
tion and bond bending may account for a large extent of unusually fast energy transfer
in the H-shaped triad, a significant discrepancy remains that cannot be accounted
for by simple through-space dipole-dipole coupling or by a Frenkel-exciton/vibronic
model. [164

It is proposed therefore that through-bond energy transfer between the strongly
electronically coupled donor and acceptor units has a significant contribution to the
overall EET in the H-shaped triad. Energy transfer in covalently bound donor—
acceptor systems has been studied extensively, [76:75:112,60;141;1915199;98;129;164;187;225;237]
and both through-space contributions mediated by electronic multipole coupling, [767]
and through-bond mechanisms which depend on orbital overlap between the two
units %% have been shown to play a role. For perylene monoimides and bisimides, the
location through which donor and acceptor units are linked has a strong impact on
the degree of through-bond electronic coupling which can occur. 2?5237 When linked
through the 9-position of the perylene, extensive conjugation throughout the entire
molecule and an absorption spectrum strongly different to those of the constituent

2251 Tn contrast, when the PBI unit was linked to the

chromophores were observed.
same acceptors through the imide nitrogen the two units were found to be electroni-
cally independent of each other.?*” This difference in behaviour has been attributed
to the presence of nodes in the frontier molecular orbitals centred on the nitrogen
atom in PBI. 12

The H-shaped triad TH investigated here also has donor and acceptor units con-
nected at the imide nitrogens, however there are several pieces of evidence pointing
towards through-bond electronic coupling making a contribution to the unexpectedly
rapid energy transfer. First, there is a significant deviation between models based

on through-space EET and the observed transfer rates, even when the short sepa-
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Figure 4.10: Frontier molecular orbitals for the HOMO-3 to LUMO+3 energy levels
in flat and twisted D-A dyads. The geometry of both the flat and twisted conformers
were optimised at the 6-31G*/BLYP level.
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ration between donor and acceptor units is taken into account. Second, the strong
bathochromic shift of the donor Ss._¢ and acceptor S;. o transitions of the triad rela-
tive to the isolated donor and acceptor dyes, as evident from absorption and emission
spectra (see Figure 4.3). If the interaction between the two states on the donor and
acceptor components were solely excitonic, as in a hetero J-dimer, a blue-shift in
donor transition energy and a decrease in the absorption strength of the transition
would be expected, along with an increase in the strength and decrease in the energy

9:113] however both a red shift and increase in transition

of the acceptor transition,
strength is observed for both the donor and acceptor transitions. Third, although
the acceptor is linked through the imide nitrogen at the end of the perylene sub-
unit, the donor unit is not. For a coplanar configuration of the donor and acceptor
subunits therefore there is some delocalisation across the entire molecule in several
of the orbitals involved in optical transitions (see molecular orbitals from DFT cal-
culations.??%! Figure 4.10). Direct electronic coupling may therefore be enabled by
torsions about the N-N linking bond.!1°%%] Hence a combination of through-space
energy transfer facilitated by electronic wavefunction delocalisation, supplemented
by through-bond energy transfer, allows for an ultrafast energy transfer in TH that

is accompanied by a switch in polarization.

4.4 Conclusion

In conclusion, the dynamics of energy transfer and polarization switching for two
compound perylene bisimide triad dyes have been investigated, and these dyes show
excellent potential for use in luminescent solar concentrator devices. For both triad
dyes, highly efficient energy transfer from donor to acceptor moieties is shown to occur
within less than 2ps. For the orthogonally arranged H-shaped triad, the observed
rates are in sharp contrast with the Forster point-dipole model which predicts an
absence of energy transfer in this geometry. The observed fast rates are shown to arise
from a combination of through-space energy transfer between delocalised electronic
electronic states, and through-bond energy transfer, mediated by bond-bending and
torsions. In each of the triad dyes, there is an effective energy downshift which reduces
self-absorption, while giving excellent control over emission polarization. Embedding
such triads in a liquid crystal host should result in efficient, switchable LSC devices

with low self-absorption and surface losses.
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Chapter 5

Effect of Nanocrystalline Domains
on Benzodithiophene Based
Donor-Acceptor Co-Polymers

5.1 Introduction

Organic photovoltaic devices have high potential as a low-cost, renewable energy
source'??l and have attracted wide-spread research interest in recent years, as they
are lightweight, flexible, and can be processed from solution. Devices typically in-
corporate mixtures of electron-accepting and -donating materials in order to induce
the separation of the initially generated charge-neutral state (molecular exciton) at
the interface between the two materials.?'3 Since this model was reported, a large
number of OPV devices incorporating type-II heterojunction systems have been pro-
duced, ' and rapid advances in power conversion efficiencies have been achieved.
Devices based on thin films processed directly from solution mixtures (so-called bulk

200y of r-conjugated polymers and fullerene derivatives

heterojunction films, BHJ!
now reach power conversion efficiencies of up to 10%.19? In these polymer:fullerene
systems, high device efficiencies are only obtained after extensive optimization of fab-
rication conditions, which strongly affect the morphology of the BHJ films.[?*6) On
the one hand, intimate mixing of donor and acceptor materials promotes efficient
exciton diffusion to the donor-acceptor interface at which charge transfer can occur.
On the other hand, extended crystalline networks are beneficial for efficient charge
dissociation®® and collection.*”) Forming an ideal BHJ requires careful balancing of

these processes, and hence small variations in molecular structure, molecular weight,

polydispersity, and processing conditions can have significant effects on the overall
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efficiency. 2*9 Such effects have been particularly well documented for the benchmark
system of poly-3-hexylthiophene (P3HT) blended with the fullerene derivative phenyl-
Ce1-butyric-acid-methyl-ester (PCBM), for which high power conversion efficiencies
(PCE) of 6%!'32 have been reached in photovoltaic devices. However, P3HT in many
ways represents a highly special case as in its regio-regular form it has the strong ten-
dency to form extended crystalline structures of m-stacked polymer chains."*”) Such
crystalline domains result in a high PCE immediately after device fabrication, but
extended thermal annealing and/or illumination under full solar conditions (AM1.5)
results in phase segregation of the polymer and fullerene components. 23!l This process
can be minimized somewhat by using P3HT with lower regio-regularity, which has a
lower tendency to crystallize. (%4 Likewise, the formation of crystalline PCBM needles
on extended thermal annealing causes similar drops in device efficiency which can be
mitigated by using modified fullerenes with bulkier substituents than PCBM. 244

In the quest for higher photovoltaic device efficiencies, donor-acceptor (D-A)
copolymers have increasingly been employed as hole transporters. 38l Here, the con-
jugated coupling of electron-donating and accepting units on the same chain allows a
lowering of the band gap energy and therefore an increase in light absorption and pho-
tocurrent. ® Several of the recently developed D-A copolymers show that the lessons
learnt from the case of PSHT are not necessarily applicable to all polymer:fullerene
solar cells. For example, blends of PCDTBT (carbazole/dithieno-benzothiadiazole
co-polymer) and PCBM result in devices with maximum PCE immediately after de-
position, without any further processing. Any thermal annealing of these devices
results in a decrease in chain ordering and a reduction in PCE.!?? Another study
demonstrated that in a series of thiophene/quinoxaline copolymers, the highest fill
factors and PCEs were associated with polymers with the most disordered and twisted

224 In addition, a fluori-

backbone that showed the lowest tendency to crystallize.
nated polymer PBnDT-FTAZ (benzodithiophene/5,6-difluoro-2,1,3-benzothiadiazole
copolymer) with low crystallinity was found to yield photovoltaic devices in which
the short-circuit current (Jsc) and fill-factor were insensitive to a doubling of the
polymer and fullerene domain sizes.?'”) The discrepancy in the trend between de-
vice efficiency and crystallinity between PSHT and the more recently developed D-A
copolymer materials may be partly understood given that P3HT allows the forma-
tion of particularly extended ordered domains or pure polymer when blended with

PCBM, "7 along with regions of pure PCBM and regions of mixed polymer:PCBM.
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While large crystallite formation may aid charge mobility in some polymer systems
relative to the amorphous polymer phase, the formation of many small ordered regions
may prove detrimental because the increasing surface area of the domain boundaries
between crystalline and amorphous polymer regions can act as a barrier to charge
transfer and promote charge trapping and recombination.?*” Whether device effi-
ciencies increase or decrease with overall film crystallinity should therefore depend
on whether the in-domain charge-extraction enhancement or trapping at the domain
boundaries is dominant, which in turn is influenced by the crystallite surface-area to
volume ratio.

This chapter presents results of a study into the interplay between crystallite do-
main formation and performance in photovoltaic BHJ thin-film devices for a series
of donor-acceptor copolymers based on benzodithiophene (BDT') donor and benzoth-
iadiazole (BT) acceptor groups. Thin-film morphology and inter-chain interactions
were examined using wide-angle X-ray scattering, atomic force microscopy and ab-
sorption/emission spectroscopy. It was found that increased crystallinity of the neat
polymer film is associated with lower photovoltaic device efficiencies in BHJ films
with PCgBM, in agreement with the notion that domain boundaries are impeding
performance in this system. The exciton diffusion length in neat films of the poly-
mers was determined by measuring the diffusive quenching of excitons at an interface
acting as an electron acceptor, in this case compact TiO,. For the polymer exhibiting
the highest degree of crystallinity diffusion lengths of 7.4 nm were observed, while for
a polymer film with low crystallinity, a value of only 4.0 nm was recorded. However,
measurements of the photoluminescence quenching in polymer:PCBM films indicate
that the majority of excitons reach a charge-dissociating interface within about 1 ps
after light absorption for all polymers examined. Therefore, exciton diffusion to and
dissociation at the BHJ interface does not appear to be a limiting factor in these
systems, suggesting that the observed differences in crystallinity predominantly de-
rive from the subsequent steps of charge transport and recombination. It can be seen
that for the polymers exhibiting thin films with high crystallinity, chain aggregation
is already evident prior to casting, for solution at temperatures below ~60°C. For
D-A copolymers with moderate to low solubility, casting conditions from solution and
the subsequent crystallite formation are hence likely to have a substantial impact on

photovoltaic device performance.
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5.2 Experimental Methods

UV-vis absorbance spectra of polymer films and solutions were measured with a
Perkin-Elmer Lambda 9 UV-Vis Spectrophotometer. Wide Angle X-ray Scattering
(WAXS) patterns were taken using a Panalytical XPert Pro, with Cu anode (K,=
0.154nm). Atomic Force Microscopy (AFM) images were used to assess the surface
topography and surface roughness of the polymer films. All measurements were per-
formed with a Veeco Dimension Icon AFM in tapping mode. Photoluminescence
(PL) spectroscopy was carried out both in time-resolved and time-integrated (TT)
mode. Samples were excited by the frequency-doubled output of a Ti:Sapphire oscil-
lator with 80 MHz repetition rate and 100 fs pulse duration. For measurements with
sub-picosecond (~350fs) time resolution, the PL up-conversion (PLUC) method was
employed, while time-correlated single photon counting (TCSPC) was used for higher-
sensitivity, lower-resolution measurements as described in Chapter 3.

For temperature-dependent solution measurements, polymer solutions were held
in a quartz cuvette on a home-built temperature controlled stage. For thin-film
measurements, samples were held in a dynamic vacuum below 10~° mbar to avoid
photodegradation. Excitation pulse fluences of 3pJ ecm™2, 0.3pJ ecm=2 and 0.03 1)
cm~? were used for the solid state PLUC, solid state TCSPC and solution phase
TCSPC measurements respectively. The polymers used in this study were synthesised
by S. Tierney of Merck Chemicals.

5.3 Sample Preparation

As doctor-blading is impractical on the small quartz substrates used for the PL and
WAXS measurements, drop-casting was used to prepare samples with as similar a
film morphology to the final devices as possible. The drop-cast films were prepared
of either neat polymer, by heating 10 mg ml~! solutions, or of polymer:PCBM blends,
by heating solutions containing 10mgml~! of polymer and 20 mgml~! PCBM, in
ortho-dichlorobenzene (0-DCB) to 100°C for 12 hours to ensure full dissolution of the
polymer. The substrates used were z-cut quartz discs, cleaned by 10 minutes of Ar
plasma etch, followed by 3 rounds of ultrasonication for 3 minutes each in isopropanol,
acetone and distilled water. A small volume of the polymer(:PCBM) solution (30 pL)
was drop-cast directly onto the cleaned substrates, preheated to 100°C on a hotplate,

and left to dry and anneal for 5 minutes.
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For exciton diffusion length measurements, steady state UV-vis absorption, and
TIPL, spin-coated neat polymer films were prepared by heating a 20 mg ml~! solution
of polymer in 0-DCB to 100°C overnight. To prepare polymer films of different
thickness, a 50 nL. aliquot of the solution was removed 20 minutes before the film was
spun, and added to a second vial containing pure 0-DCB which was also preheated
to 100°C to make solutions of 1, 2, 5 and 10 mgml~! concentration. A small volume
of each of these (25 nL) was dropped and spun on substrates for 5s at 800 rpm, then
45 s at 2000 rpm after which samples were annealed for 2 minutes at 100°C. For steady
state UV-vis absorption and TIPL, quartz substrates were used which were cleaned
in the same manner as those used for the drop-cast films.

For exciton diffusion length measurements, substrates with a compact TiO5 quencher
layer were prepared by RF sputtering a layer of TiOy to 80 nm thickness, followed
by an annealing step at 451°C for 2 minutes under Argon. This gave thin films with
a surface roughness of approximately 2nm as determined by AFM (sputtering and
characterisation of TiOy films was performed by lan McKerracher of the Australian
National University). Before polymer deposition these substrates were cleaned with
compressed air only. The film thickness of each of the polymer films on quartz was
determined by use of a Dektak Surface profiler.

Solutions for temperature-dependent TCSPC and TIPL measurements were pre-
pared by heating 10 mgml~"! of polymer in 0-DCB to 100°C for 12 hours and diluting
down to 0.05 and 5mgml~! without filtering. The solutions were heated to 90°C
for 30 minutes to ensure dissolution of the polymer before cooling to 10°C to begin
measurement.

Photovoltaic device data was supplied by P. Tiwana of Merck Chemicals. De-
vices with the standard glass/ITO/PEDOT:PSS/polymer:PCBM/Ca/Al structure
were prepared as follows: 1(1+1) ITO coated glass substrates were cleaned by ultra-
sonication in acetone, isopropanol and distilled water, and layer (20 nm) of poly(3,4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT /PSS, Clevios VP Al 4083,
H.C. Starck) was deposited by spin coating and then dried for 30 minutes at 130°C
in a nitrogen filled glovebox.

A 40mgml~! solution of either PCgBM (phenyl-C61-butyric-acid-methyl-ester)
or PC7BM (phenyl-C71-butyric-acid-methyl-ester) in o-DCB and additional o-DCB

(both by volume) were added to the polymer material to make a final solution of
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polymer:PCgBM (1:2) with total solid concentration of 30 mgml™! in 0-DCB. This
solution was heated to dissolve the solids and then held at 70°C.

The active layer was deposited on top of the PEDOT:PSS coated substrates by
doctor blading on an Erichsen Coatmaster 509MC, using the following parameters:

coating temperature, 70°C; blade speed, 40 mms™!

; screw gap, 0.03mm; coating
volume, 40 pL. The coated films were left to anneal for 2min on a 70°C hotplate.
Top Ca/Al cathodes were deposited by thermal evaporation. Current-density-voltage
characteristics were taken with a Keithley 2420 Digital SourceMeter under standard
1 sun (AM1.5G) conditions, which were checked with a K5 filtered calibrated silicon

reference diode.

5.4 Diffusion Length Measurements - Method and
Model

In order to measure the diffusion length of excitons in polymer films, the time resolved
photoluminescence from thin films of polymer with and without a thin layer of an
electron acceptor material are compared. For each of the polymer materials studied in
this chapter, two films of two different thicknesses are deposited on one plain quartz
substrate, and on a substrate coated with a sputtered layer of TiOs (i.e. 4 samples
per polymer studied).

When the samples are excited with a short laser pulse, excitons are generated
in the film, with density proportional to the light intensity. In the absence of any

reflections of the pump beam, this is given by Beer’s law,
I(x) = 15,107 (5.1)

where I is the intensity of the excitation pulse, « is the thin film absorption coefficient
and x is the distance from the point of entry into the film, in this case measured from
the glass/polymer interface to the polymer/quencher interface.

The generated excitons begin to diffuse through the film which, as a result of the
relatively short diffusion lengths commonly observed in polymer films, must be pre-
pared to be less than 30 nm in thickness in order to observe any PL quenching. Since
the initially generated exciton density is greatest at the glass/polymer interface, this
results in a net migration of excitons toward the quencher. Some excitons reach the
polymer-quencher interface where electron transfer (ET) occurs. When an electron

is removed by the TiO, acceptor, it can no longer recombine radiatively with the
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hole left behind in the polymer film. As the PL intensity is linearly proportional
to the number of excitons at low exciton densities, the ET manifests as a faster de-
cay of the total photoluminescence when an acceptor layer is present, that is, the

photoluminescence is partially quenched. This is described graphically in Figure 5.1.
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Figure 5.1: Schematic description of the diffusion length measurement experiment.
Initially a short (~ 100 ps) laser pulse excites the sample from the substrate side, away
from the quencher material. Excitons are generated through the film proportional to
the light intensity at point z, which is determined by the absorption coefficient of
the material at the excitation wavelength. As there is a gradient with respect to the
excitation density in the film, diffusion from high to low density, toward the quencher
material occurs. Recombination processes intrinsic to the polymer can occur during
transit but when an exciton approaches the TiO2 quencher, charge transfer from
polymer to quencher occurs and subsequent radiative recombination is no longer
possible. By comparing the rate of PL. quenching with and without this extra decay
pathway, the diffusion coefficient and thus the diffusion length can be measured.

The distribution of excitons throughout the film can be described by a 1D diffusion
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equation of the form
on(z,t)  _0°n
T D&L‘? — k(t)n(z,t) (5.2)

where n(z,t) is the number of excitons as a function of time and position, D is the

diffusion coefficient and k(t) is the observed PL decay rate in the absence of any

quencher material. 19!

In the neat polymer films, the PL decay rate is well described
by a simple monoexponential decay, and hence the reference PL is fit with a single

exponential function
I(t) = lopexp(—(t/7)), (5.3)

where 7 is the PL lifetime. The total PL decay rate in Equation 5.2, is then given by
ko(t) =k + kpp =771

where k¢ is the rate of decay from the excited state by fluorescence, and k,, is the

non-radiative decay rate.

5.4.1 Finite Difference Method

Approximate solutions to equation 5.2 are determined by a finite difference method.
The complete solution to the equation is represented by points on a discretised grid
with each point representing the exciton density n(z,t) at various time and position
points ¢t and z (see Figure 5.2). The derivatives in the equation are approximated
by finite differences between the grid points. As the initial distribution of excitons
throughout the film, n(zx, ), and the boundary conditions are known, the density at
any point on the grid can be calculated.

Labelling each gridpoint n", where m is the number of time steps At away from
the initial time %y, and j is the spatial index, the partial derivative with respect to

time at any position z; is approximated as

8n) ntt—nm
ony M TN (5.4)
(at ; At

In the Crank-Nicolson method®" the second derivative with respect to the spatial

component at a given time index m is given by

#Pn\" 1 2\ "t Pn\"
(87) ~3 (87) +(a7) ] (5:5)

B m-+1 m-+1 o m+1 m m _ m
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Boundary conditions - known for all , x=0,x=L
Initial conditions - known for all x, t =7

e Real node x,t,

O Virtual node needed for boundary condition
dn/dx =0

Figure 5.2: Representation of the discretised grid comprising the solutions of Equa-
tion 5.2. The entire solution is split up into a grid of size m + 1 x j + 2, where m + 1
is the number of temporal points and 7 + 1 is the number of real spatial points. The
values at the bottom of the grid shaded in pink are defined by the initial condition,
and the edge values are defined by the boundary conditions (see 5.4.2). As the bound-
ary condition at the substrate/polymer interface 2 = 0 is defined by the derivative
dx/dn = 0, an extra virtual point must be included in the grid. As the values on
three sides of each row are known, subsequent rows can be calculated iteratively. This
is repeated until there are enough data points to compare with experimental data.

and the value of n}" is approximated by

nj ~ % [P + ] (5.7)
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Substituting these back into (5.2), gives

ntt—nm _D n A+t — 2t N nfiy oty =2k [t ]
At 2 Ax? Ax? 2 - J
(5.8)
If a new parameter p is defined, such that
DAt
e — 5.9
n= R (5.9)

collecting all the terms for the row m + 1,

— N+ 242+ k AT — pn M = i — 14+ (2—2p—k At)n] +pnl, (5.10)

gives a set of linear equations of the form
J-N =R, (5.11)

where N is a vector describing the exciton density at each spatial point for the time

m + 1. Multiplying both sides by the inverse of matrix J gives the solution
N=J"'R. (5.12)

This is repeated until the grid covers the time-period of interest after excitation.

5.4.2 Boundary Conditions

The precise forms of the matrices J and R depend on the boundary conditions im-
posed on the model. In the polymer film, the exciton density at the polymer:TiO,
interface is zero at all times as electron transfer to/from the quencher is assumed to
occur with unit efficiency for all excitons reaching this interface, thus removing them
from the system. This is a Dirichlet boundary condition of n(t,d) = 0. It may be
however, that the quenching process does not occur with unit efficiency in reality, in
which case the values determined by the model will be an underestimate of the true
diffusion length. At the other side of the film, there is no such quenching at the glass
and polymer interface (any non-radiative recombination by defects at this surface are
included in ks = kf 4k, which is determined by measuring the PL from the reference
sample), and there can be no exciton flow out of the polymer into the glass. This is
represented by a Neumann condition dn/dz = 0 for all times ¢ > t,.

Solving the set of linear equations for all time-steps gives the discretised grid

n(x,t) represented in Figure 5.2, which is then summed along each column to give
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the total exciton density in the film at each time step n(t). This is convoluted with
the measured instrument response as described in Section 3.5 and compared with
the measured data from the quenched sample. The value of D is optimised with a
non-linear least squares regression analysis by varying D, recalculating the function

n(t) and convoluting it with the IRF for each iteration until a good fit is achieved.

5.5 Results and Discussion

Figure 5.3 introduces the materials used in this study, which form a series of re-
lated low-bandgap polymers with active donor-acceptor units comprising 2,6-[benzo-
dithiophene] acceptors and 2,5-thiophene-co-4,7-[5,6-dialkoxybenzothiadiazole]-co-2,5-
thiophene (BDT) donors. The general structure of the donor and acceptor units is
shown in Figure 5.3a and Figure 5.3b gives a representative current-density-voltage
curve under solar simulator conditions for the best performing material (P5), for
which a PCE value of 5.42% was observed. Details of the different alkyl side chains
attached to the BDT unit, along with the number-average molecular weight, energy
levels and band gap energy of each of the polymers, along with average measured PV
parameters for polymer:PCgBM solar cell fabricated as described in the Experimen-
tal Section (5.2) are summarized in Table 5.1.

Small changes in alkyl chain length have a large effect (up to a factor of 2) on
power conversion efficiency but the values do not vary systematically. Polymers P1—
3 overall tend to exhibit lower photovoltaic efficiencies than polymers P4 and P5,
with the trend dominated by the higher Js¢ of devices containing these materials. As
shown below, such differences correlate with changes in the extent to which crystallite

domains form in the films, as discussed below.
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Figure 5.3:  (a) Donor and acceptor moieties of which the materials used in this
study are comprised. All polymers have the same benzothiadiazole acceptor group
and different alkyl side chains (R;) on the benzodithiophene donor unit as described
in Table 5.1. (b) Drawing of the different alkyl side chains (R,) attached to the
central backbone of polymers P1-5. (c) Representative current density—voltage curve
obtained from a device incorporating P5 blended with PCy,BM as described in the
Experimental Methods section (5.2). Each reported value is the mean value obtained
from 10 individual photovoltaic cells on a single substrate. Polymers supplied by
Merck Chemicals. Device fabrication and characterisation data by P. Tiwana of Merck
Chemicals.
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5.5.1 Steady-State Absorption and Photoluminescence

Figure 5.4 shows steady-state absorption and emission spectra of the five polymers in
dilute solution (a) and thin film (b). The absorption onset shows a red shift, broad-
ening and increase in vibronic structure on thin film formation, indicating increased
interchain interactions,!” with this effect being most pronounced in P1 and least in
P4 and P5. Time integrated PL of the solutions shows a strong red-shift in the emis-
sion spectrum of P1 compared to that of the other polymers, indicating that for this
polymer, aggregation and interchain interactions are present even in dilute solutions.
As with the absorption, a red-shift and increase in vibrational structure is observed
in the PL following thin film formation, with the exception of polymer P1, in which
the peak emission is unchanged between solution and thin film. This observation
confirms that polymer P1 forms extended aggregate domains comparable to those in

thin film, even when in dilute solutions at room temperature.

5.5.2 Film Morphology — Wide Angle X-ray Scattering and
AFM

In order to investigate the nature of aggregate domains in the polymer solid, wide
angle X-ray scattering measurements were performed on drop-cast polymer films.
The deposition method used to prepare polymer thin films can affect the resulting
morphology, with large differences observed between films prepared by spin-casting,
in which solvent evaporates rapidly from the solution during spinning, and those
prepared by doctor-blading, in which solvent evaporation occurs on a longer time
scale. '™ In order to allow films to form with slower solvent evaporation, yet avoid
difficulties associated with doctor-blading on small substrates, drop-casting was used
to prepare the samples for WAXS and direct PL quenching measurements in poly-
mer:fullerene blends. In Figure 5.5, the measured WAXS patterns show large dif-
ferences between polymers P1-3 and P4-5, with the former exhibiting a far higher
degree of crystallinity while the latter two are almost entirely amorphous. Polymer
P1 is found to display the highest degree of crystallinity, in agreement with the above
analysis of its UV-vis absorption and PL spectra. The three more crystalline mate-
rials exhibit a peak with a d-spacing of 2.11nm in P1 and 1.78 nm in P2 and P3,
which has been assigned to the (100) inter-lamellar spacing in similar materials. 17!
The absence of a discernible peak corresponding to a (010) plane 7-stacking distance

implies the more crystalline polymers forming m-stacked crystallites parallel to the
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Figure 5.4: Steady-state absorbance and time-integrated photoluminescence spectra

for all five polymers (a) in dilute (0.05 mg mL™!) solution and (b) for thin (spin-cast)
films at room temperature. For the PL spectra, samples were excited at 450 nm.
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Figure 5.5: Wide-angle X-ray diffraction patterns for drop-cast neat polymer films
with curves offset from one another for clarity. The polymers P1, P2, and P3 show
a far higher degree of crystallinity than the relatively amorphous P4 and P5, with
P1 being the most crystalline of all the materials studied. The strong peak at 26 =
4°corresponding to a repeat unit distance of approximately 2nm is assigned to the
distance between parallel polymer chains in the (100) plane, with the small peak at
20 = 8°assigned to the second-order diffraction from the same plane. The inset shows
WAXS patterns of P1:PCBM and P5:PCBM blend films prepared as described in
section 5.3.

substrate surface.® The higher intensity of the (100) peak in P1 indicates a higher
density of these crystalline domains in films of this material, with a lower degree of
crystallization shown by P2 and P3, and mostly amorphous morphology for P4 and
P5. The inset to Figure 5.5 displays the effect of adding PCBM to the polymer with
one example shown for each of the two types of polymer, the most crystalline P1 and
the mostly amorphous P5. The WAXS patterns of polymer:PCBM films show little
difference to those of the corresponding neat polymer films, i.e. blending with PCBM
seems to have little effect on the degree or size of polymer crystallites formed. The
additional broad peak at 26 = 20°(d = 3 A) is attributed to the formation of PCBM

crystallites in the film. 54
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Figure 5.6: Topography images obtained by atomic force microscopy for neat films of
all polymers. The black solid lines below each image show a typical height variation
across the film from which the surface roughness R, was determined for each film as
shown on the respective AFM images.
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The trends observed in WAXS patterns have a clear correspondence with surface
topology of thin spin-cast films of the neat polymers. Figure 5.6 shows atomic force
microscopy images obtained for thin films of the five polymers, with a typical height
variation contour shown below each image. The mean square surface roughness of
the most crystalline polymer P1 was determined to be 1.2nm, which is followed by
a value of ~0.6 nm for the less crystalline P2 and P3, and a roughness of 0.3nm for
the mostly amorphous polymers P4 and P5. Enhanced surface roughness has in the
past been associated with the presence of chain aggregates in the polymer film, as
such domains may extend and protrude beyond the surface.!?! The clear correlation
between crystallinity observed in WAXS patterns and surface roughness seen in AFM
suggests that the formation of nanosized crystallites is also a prominent factor for
these materials. The polymer with the highest prevalence for crystallite domain
formation (P1) was found to show the poorest performance in photovoltaic devices,
while the polymer that is most amorphous and displays least surface roughness (P5)

has the highest photovoltaic power conversion efficiency in the series.

5.5.3 Diffusion Length Measurement

In order to unravel the reasons for the correlation between photovoltaic device perfor-
mance and polymer film morphology, the processes of exciton diffusion and interfacial
dissociation in this material system were investigated. The presence of crystalline do-
mains may affect the diffusion of excitons through the polymer, which may either
be enhanced through the high order within a domain, or impeded by the energetic
barriers presented by additional interfaces at domain boundaries. The transfer of
photo-generated excitation to the polymer-fullerene interface is a vital step in BHJ
devices, and radiative recombination of excitons before they reach an interface and
dissociate can potentially be a large source of loss. In order to minimize this, the
average distance over which excitons migrate before recombining should be equal or
greater to the polymer domain size. [1%%)

Various methods have been developed to determine the mean exciton diffusion
length. 14015590 Here, the time-resolved PL quenching method described in Sec-
tion 5.4 was used to investigate the influence of film crystallinity on the value of
this parameter.["®” The PL quencher layer used in this case was an 80 nm thick layer
of TiOy deposited on quartz by RF sputtering. This thickness was chosen in order

to minimise reflection of the 450 nm pump pulse used in the experiment, allowing the
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initial distribution of excitons in the film to be described by a simple exponential
depth profile.

Observation of the charge transfer step and free charge yields across organic
semiconductor-TiOy interfaces have been reported and range from relatively efficient
(95% CT, 45% exciton to free charge conversion rate with terthiophene®!) to highly
inefficient (< 1% free charge yield with P3PBT!2)). The values observed therefore
are a minimum possible diffusion length, as in systems with less than perfect charge-
transfer at the interface a longer diffusion length would be required to produce the
same rate of PL quenching. Figure 5.7 shows PL decay transients measured for thin
films of the most and least crystalline polymers P1 and P5 deposited on quartz sub-
strates with and without the TiO, quencher for film thicknesses of approximately and
13 and 25nm (P1), and 5 and 15nm (P5). The solid light-blue or light green lines in
Figure 5.7 are the solutions of the diffusion equation (Equation 5.2), integrated over
the film thickness and convoluted with the instrument response function (IRF) as
described in Section 5.4. Here, solely the diffusion constant was varied in order to ob-
tain best fits to the observed PL transients in the presence of the TiO, quencher. The
procedure was carried out for both film thicknesses, which yielded good agreement,
and values extracted for the diffusion coefficient and diffusion length, Lp, are given
in Table 5.2 together with the PL decay lifetime. The more crystalline P1 exhibits an
exciton diffusion coefficient that is approximately three times higher than that of the
more amorphous P5. When taking into account the differing exciton lifetimes, the
exciton diffusion length in P1 is found to be about 85% higher than that in thin films
of P5. These discrepancies may in part be accounted for by the enhanced overlap be-
tween P1 absorption and emission spectra (see Figure 5.4) which arise from the strong
aggregation feature near the band edge of P1. According to Forster Theory, ™ such
spectral overlap will enhance exciton transfer between chromophores of the polymer
leading to faster exciton diffusion.

Differences in exciton diffusion lengths may have a strong impact on photovoltaic
device efficiencies because they can, depending on the degree of phase segregation,
affect the fraction of excitons reaching an interface in BHJ films. In order to ascertain
whether this step in device operation is the limiting step, the rates at which excitons
are quenched was examined directly ®” in spin-coated BHJ films containing blends of
polymer and PCBM in a 1:2 weight ratio. As a reference measurement, Figure 5.8a

shows the measured PL transients for all five polymers in neat films (no PCBM).
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Figure 5.7:  Photoluminescence decay transients measured for polymers P1 (left,
green curves) and P5 (right, blue curves). In each case the light open circles and
dark solid dots are the PL traces with and without the 80 nm thick layer of sput-
tered TiOs. Data were taken with the TCSPC technique using a small-area silicon
avalanche photodiode; the dashed line is the instrument response function (IRF) with
35ps FWHM. The solid light-green (light-blue) line is the one-dimensional exciton
diffusion model fit to the data by iterative reconvolution with the IRF, as described
in the Section 5.4. The sole fitting parameter was D, the diffusion coefficient. For
each polymer, curves are shown for two different polymer film thicknesses: P1 — (a)
25nm and (b) 13nm, P5 — (c) 15 nm and (d) 5nm. In each case, samples were
excited from the front with pulses of 100 fs duration and 450 nm wavelength. The PL
detection wavelength was 690 nm. The parameters extracted from fits to the curves
are summarized in Table 5.2.

polymer 7 (ps) D (1073cm?s™!) Lp (nm)

P1 350 £ 10 1.0£0.3 74+£25
P5 250 £ 10 0.31+£0.3 4.0+£1.0

Table 5.2:  Lifetimes determined from monoexponential fits to the PL transients
in the absence of the quencher layer; exciton diffusion constant D extracted from
modelling PL transients in the presence of a TiOs compact quencher layer; exciton
diffusion length Lp = v/7D. The main source of the ~30% error in the values for D
is caused by inherent difficulties in determining the polymer film thickness.
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Interestingly, a clear difference between the mainly amorphous (P4, P5) and more
crystalline (P1-3) polymers can be seen, with the former displaying lifetimes of around
450 ps and the later 350 ps. These differences do not depend on the wavelength at
which the films are excited: the inset to Figure 5.8a shows the PL lifetime, 7, obtained
from convoluted monoexponential fits to the PL transients obtained for thin films of
polymers P1 (crystalline) and P4 (amorphous) following excitation at wavelengths
between 370 nm and 650 nm. The difference between the lifetimes measured for the
two polymers is maintained across this range and the lifetime appears to be largely
independent of pump energy. For strongly aggregated polymer chains, a lengthening
of the PL emission lifetimes would normally be expected, as the electronic coupling
between molecules in H-aggregate conformation is known to reduce the oscillator
strength of the coupled system.!'S” However, in thin polymer films, excitons will
rapidly diffuse to the most strongly aggregated regions because these have the lowest
associated potential energy. As excitons reach such sites, their emissivity is gradually
reduced, which appears as a rapid PL quenching that is mostly representative of the

exciton diffusion rate to weakly emissive sites.

5.5.4 PL Quenching in BHJ Film

To assess the exciton quenching rate in polymer:PCBM BHJ films, PL transients
were measured with high (350fs) time resolution, as shown in Figure 5.8b. For all
five polymers, the initial PL decay is rapid, with lifetimes of the order of 1ps. To
examine the possible presence of residual slower decay components, lower-resolution
(230 ps) longer-time PL decay curves were acquired using TCSPC, as shown in the
inset of Figure 5.8b. There is a small amount of residual PL in blend films containing
polymers P1 and P4 at longer times, however, the PL transients from the other films,
P2, P3 and P5, follows the instrument response, indicating that all PL is quenched
within ~200 ps after excitation. There is no clear correlation between the presence
of such residuals and performance of the polymer in photovoltaics devices (see Ta-
ble 5.1). This is not surprising given that for all polymers, the majority (> 90%)
of excitons generated in BHJ films with PCBM reach an interface and are quenched
within 5ps after excitation. Such rapid quenching also means that the differences
in exciton diffusion lengths observed for neat polymer films (Table 5.2) cannot have
any significant influence on the efficiency of charge generation in the polymer blend
with PCBM. These measurements therefore suggest that these DA-copolymer:PCBM
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blends must exhibit a large volume fraction (> 90%) for which the length scale of
phase segregation falls significantly below the measured diffusion lengths (4-7.5nm).
The tendency of the polymer to form crystalline domains hence appears to have lit-
tle effect on the initial exciton dissociation, and must rather influence the remaining

subsequent charge recombination and extraction steps.

5.5.5 Aggregate Formation — Temperature Dependent PL

Finally, the extent to which aggregate domains in thin polymer films may be precipi-
tated by agglomerations already present in solution prior to casting was investigated.
There have been previous reports of polymer chain aggregates forming in solution
which then persist into the cast film. ¥ For such systems, the final film morphology
may be particularly sensitive to solution temperature and casting conditions. In order
to investigate such effects, the evolution of the emission spectra and transients of the
five polymers in solution were measured with temperature varied between 10°C and
90°C. The data for all five polymers are give in Figures 5.9 and 5.11.

Figure 5.9 shows the time-resolved PL decay for P1 and P5, recorded for emission
wavelengths ranging from 600nm to 850nm, at low (10°C) and high (90°C, inset)
solution temperature. The low-temperature (10°C) dynamics are markedly different
for the two polymers: P1 displays a mono-exponential PL decay at short wavelength,
but exhibits a second, short-lived (77 = 408 ps) contribution at longer wavelengths.
The relative contributions of the two terms are extracted through global fitting of
two mono-exponentials to the data set and are plotted in Figure 5.10 as a function of
emission wavelength. It appears that for P1 in o-DCB solution, two types of emitting
species are present. Once the solution has been heated to 90°C (inset to Fig.5.9a)
however, only mono-exponential decay dynamics are observed at all detection wave-
lengths. The short-lived component therefore can be assigned to the emission from
chain aggregate clusters in solution, noting that their emission lifetime (408 ps) is
only slightly longer than that for the thin film of the same polymer (340 ps) — see
Table 5.3. These observations imply that some of the crystalline domains found in P1
films begin to form early during the casting process and are caused by an increased
propensity of P1 to aggregate in solution. All of the other polymers instead exhibit
very different behaviour, as shown in Figure 5.9. Mono-exponential PL decays are
observed at all solution temperatures with lifetimes 75 ranging between 1.45 — 1.75ns

(see Table 5.3). The observed additional slow PL rise at longer emission wavelengths
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Figure 5.8: (a) Time-resolved photoluminescence transients on spin-cast films of
neat polymer measured by TCPSC with excitation wavelength of 450 nm and detec-
tion wavelength set to 690 nm. The dashed line is the instrument response function
(IRF) of the photomultiplier tube used for detection, showing 230 ps FWHM. The
thin films of more crystalline (P1-P3) exhibit characteristic PL decay times of ap-
proximately 350 ps, whereas the amorphous polymers (P4, P5) show longer lifetimes
of approximately 450 ps. The inset shows the PL lifetime extracted from response-
convoluted monoexponential fits to the PL transients for P4 and P1 polymer films,
as a function of the excitation wavelength. (b) Time-resolved PL transients of thin
BHJ films of polymer:PCBM blends in a 1:2 ratio measured by PLUC with 350 fs
time resolution (main figure) and TCSPC with 230 ps resolution (inset). The bold
grey curve is a monoexponential decay with 1ps lifetime included as a guide to the
eye. As can be seen from the inset figure, there is some residual, longer-lived PL in
the blend films with P1 and P4 at longer times, whereas decay curves for P2, P3, and
P5 all follow the instrument response.
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Figure 5.9: Photoluminescence decay transients for the polymers (a, b) P1, (c, d)
P2, (e, f) P3, (g, h) P4 and (i, j) P5 solutions in 0o-DCB at 10°C (main figure) and
90°C (inset). Decay transients on the left (a, ¢, e, g, i) were measured from dilute
solutions (0.05 mgmL~1) of each polymer, while transients on the right (b, d, f, h, j)
were measured from concentrated (5 mgmL ™) solutions. In each case, the excitation
wavelength was held constant at 450 nm, and the time-resolved PL intensity measured
at emission wavelengths ranging from 600 nm (green) to 850 nm (purple) in 10 nm
steps.
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Figure 5.10: The relative contributions of the short (A;, 71 = 408ps) and long
(A, 7o = 1648 ps) lifetimes as a function of the emission wavelength from polymer
P1 extracted by global fitting of decay traces taken at multiple wavelengths with a
bi-exponential. The solution concentration was 0.05 mg/ml in 0o-DCB, held at 10°C
and the samples were excited at 450 nm.

is attributed to exciton relaxation to lower energy sites, possibly within chain clusters
that do not exhibit the strong interchain electronic coupling exhibited by polymer P1.
At high temperatures (inset), all polymers are completely dissolved and there is no

migration to aggregate or lower-energy sites in the ensemble.

Solution Thin Film
polymer | 7 (ps) 72 (pPS) | Trim (PS)
P1 408 1648 340
P2 — 1757 321
P3 — 1765 299
P4 — 1474 502
P5 — 1456 443

Table 5.3: PL Lifetimes extracted from monoexponential fitting to PL transients
recorded for polymers P1-P5 in solution (0.05mgml™!) at 10°C and for drop-cast
polymer films. For solutions, polymer P1 is the only polymer to show contributions
from two subspecies, exhibiting an additional short decay component 7, that is similar
to T film-

The time integrated PL spectra for dilute (main figure) and concentrated (inset)
polymer solutions at temperatures ranging from 10°C to 90°C (Figure 5.11) were mea-
sured in order to examine the effects upon polymer dissolution with increasing solvent
temperature. There is an overall broadening and loss in vibronic structure along with
a blue shift of the peak emission observed with increasing temperature. Such fea-
tures may be related to a variety of effects, such as temperature-dependent changes

in the dielectric constant, population of vibrational modes and solvation effects. In
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Figure 5.11: Time-integrated photoluminescence spectra for the polymers (a) P1, (b)
P2, (c) P3, (d) P4 and (e) P5 solutions in 0-DCB at concentrations of 0.05 mgmL~!
(main figure) and 5mgmL~" (inset). Spectra were measured after heating/cooling
and allowing the temperature of the solution to stabilise at temperatures varying
from 10°C (blue) to 90°C (red) in 10 £+ 2°C steps. The solutions were excited at a
wavelength of 450 nm. The suppressed shoulder at ~ 620 nm, which increases in in-
tensity on increasing temperature (complete dissolution of the polymer), is indicative
of H-aggregate formation of P1 at low solution temperature. No such behaviour is
evident in solutions of the P4 and P5, which form largely amorphous polymer films.
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addition, those materials forming more crystalline polymer films, in particular P1
(Figure 5.11a) and to a lesser extent P2 (Fig. 5.11b) and P3 (Fig. 5.11c), exhibit a
decrease in the relative intensity of the high-energy shoulder (620 nm) with decreasing
solution temperature. Such deviations from spectra that can be modelled as stan-
dard Franck-Condon progressions are indicative of H-aggregate formation. '™ These
effects are absent in solutions of P4 and P5, in agreement with the amorphous nature
of thin films as evidenced by WAXS and AFM measurements.

These examinations show that the way in which emission transients and spectra
of polymer solutions evolve with temperature is an accurate predictor of the resulting
morphology in the cast thin films. Thin films with high surface roughness and a
large degree of crystallinity are cast for polymers such as P1 that already in solution
exhibit emission features and dynamics associated with chain aggregate formation.
For polymers that form near-amorphous films (P4 and P5) such features are entirely
absent in solution. Polymers P2 and P3 are found to be intermediate cases, show
enhanced crystallinity and surface roughness in thin films, and some non-Condon
progressions in solution spectra. These findings suggest that for this type of polymer,
film morphology (and the related efficiency of photovoltaic devices) are intimately
linked with clustering in solution prior to casting. Attaining control over polymer

solubility is therefore an important goal to achieve for this class of polymer.

5.6 Conclusions

In summary, the effects of thin-film morphology on factors affecting photovoltaic
performance for a series of donor-acceptor co-polymers comprising benzodithiophene
and benzothiadiazole units have been investigated. It was found that the highest-
performing polymers in photovoltaic devices based on polymer:PCgBM blends are
those showing the least degree of crystallinity in X-ray diffraction patterns and a cor-
responding lowest surface roughness in thin films. The existence of such crystalline
domains in thin polymer films correlates well with polymer chain aggregates being
present already in solution prior to casting of the film. Polymer solubility and casting
conditions therefore appear to be crucial factors for the development of photovoltaic
devices with enhanced efficiencies. To examine why the presence of crystallite do-
mains appears to hamper photovoltaic performance, exciton diffusion lengths were
measured by modelling the observed migration of excitons through a thin polymer

film deposited on a PL quencher layer of TiOs. The observed diffusion lengths in
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these materials are usual for low-bandgap polymers (4-7.5nm) and show some vari-
ation between the different materials. However, ultrafast (1 ps) quenching of the PL
from polymer:PCBM blends indicates that the vast majority of excitons created in
polymer domains is not prevented from reaching an interface with PCBM and hence
exciton diffusion does not represent a limiting factor. These observations suggest that
the subsequent charge extraction and lifetimes must be adversely affected by the pres-
ence of crystalline domains. It should be noted that although extended crystalline
polymer networks promote high hole mobilities within such domains,™ the interfa-
cial regions between well-ordered and amorphous polymer domains may act as energy
barriers to charge transfer, forming sites at which charge trapping and recombination
may occur with higher frequency. 2% The effect of the total polymer film crystallinity
on the overall charge mobility is therefore a trade-off between these two factors. In
materials such as P3HT M7 and some similar low-bandgap polymers [ in which the
polymer forms extended crystalline networks, the effect of in-domain charge mobility
improvement will dominate and an increase in total crystallinity will enhance device
efficiency. However, for polymers prone to the formation of small crystallites, an
increase in total film crystallinity will increase the concentration of domain bound-
aries and hence lead to a reduction in overall charge mobility. The donor- acceptor
polymers studied here clearly fall into the latter category and, as a result, polymers
in this series appear to be the better suited for use in photovoltaic devices the more
amorphous they are in the solid films. These results have important implications for
the design of such donor-acceptor co-polymers for photovoltaics, suggesting that syn-
thesis efforts may focus on creating polymers which exhibit sufficiently high inherent

entropy.
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Chapter 6

Electron and Hole Diffusion

Lengths in Methylammonium Lead
Halide Perovskites

6.1 Introduction

6.1.1 Background

Photovoltaic cells using an organic-inorganic hybrid perovskite material have become
a vibrant field of study in renewable photovoltaics. In just a few short years since the
first reported PV device incorporating these materials, power conversion efficiencies
have rapidly increased from 3.8% 12" to 19.3%[2%% and the number of reports in the
literature concerning perovskites for use in photovoltaics has increased dramatically,
from less than 10 in 2012 to nearly 700 in 2014. !

The first report by Kojima et al. in 2009 described a photovoltaic cell in which
nanoparticles of CH3NH3Pbls were deposited on a mesoporous TiOy framework and
embedded in a liquid electrolyte solution. This is a direct analogue of the device
reported by Gritzel et al. in 1991,['7 a seminal paper which paved the way for the
well established technology of dye sensitised solar cells (DSSC).

The general mechanism of operation for this device and DSSC in general is shown
in Figure 6.1. Photon absorption and exciton formation in the sensitizer dye occurs
initially (step 1), followed by ultrafast electron transfer to the conduction band of the
ETM /metal oxide scaffold (step 2). Electron transport then takes place through this
material to the electrode (step 3). In order to sustain electron injection into the metal

oxide, regeneration of the oxidised sensitiser is required. This is achieved by redox

! As determined by a search for "perovskite* AND solar" in Web of Knowledge.
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reaction between either a redox couple in solution (steps 4 and 5) or hole injection

from a solid state hole tranport material (ssHTM). Finally, the oxidised member of

the redox couple (or HTM) is reduced at the counter-electrode (step 6). 63!
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Figure 6.1: Energy level diagram of a DSSC with the fundamental processes la-
belled. Solid arrows are steps beneficial to charge production while dashed arrows
are competing recombination processes: 1 - Photon absorption and exciton formation
in the sensitizer dye; 2 - ultrafast electron transfer to the conduction band of the
ETM /metal oxide scaffold; 3 - Electron transport through the ETM to the electrode;
4 - Regeneration of the oxidised sensitiser by electron transfer from the redox couple;
5 - hole transport or diffusion of the oxidised donor to the electrode; 6 - Regeneration
of the HTM or redox donor at the electrode. Loss processes are: 7 - Decay of the dye
excited state; 8 - Back transfer of the electron to the oxidised dye; 9 - Recombination
of electrons in the ETM with the redox medium. (Taken from: Docampo et al., 2014)

Since the 7.2% power conversion efficiency reported in 1991, 17! the vast number of
sensitizer dyes, P1814813TI5T10417] framework materials and geometries, 24384242 redox

[169;241:48:232] Thave been the subject of numerous

couples, and hole transport materials
reviews. Through continuous research efforts, peak power conversion efficiencies have
been steadily increasing, reaching 12.75% 2% and 7.2%%% for liquid and solid state

DSSC respectively.
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Stability issues related to solvent evaporation and leakage, corrosion associated
with the commonly used I~ /I3~ redox couple, and diffusion limited rates of sensitiser

regeneration with Co?*/Co®* couple[16°)

are major issues with the liquid electrolyte
systems.

Although devices incorporating solid state hole transporters do not suffer from
these same issues, the hole transport materials, in particular high molecular-weight
polymers, are difficult to incorporate in the mesoporous metal-oxide structure with
high volume fraction, although good charge extraction with r-P3HT (regio-regular
poly(3-hexyl thiophene)) has been reported. Spiro-OMeTAD is an amorphous solid
and is to date the best performing HTM.?® It is more easily incorporated into the
mesoporous structure than polymer HTMs, but has a low hole mobility unless charge
carriers are added by doping. Excessive doping of spiro-OMeTAD however is detri-
mental to the device® as parasitic absorption occurs. The oxidised species absorbs
strongly across the visible part of the spectrum and this reduces the amount of light
that can be absorbed by the sensitiser material.

The optimum mesoporous layer thickness is then determined by trade off between
pore filling and the light absorption by the sensitizer. With many organic dyes, the
wavelength range over which absorption occurs is somewhat limited, and in general
does not extend out to the near-infrared, so many of the incident photons are not
absorbed. In addition, coverage is restricted to a monolayer in order to minimise the
formation of H-aggregates which can reduce the efficiency of electron injection. 10%

Organic-inorganic perovskite materials do not suffer from these limitations how-
ever — high sensitizer loading can be achieved without any loss in electron injection
efficiency, 1% and they have a stronger absorption across a wider spectral range than
organic or Ruthenium based dyes. 1?1193 This allows for a high photocurrent density

in devices with even very thin mesostructured films. !9

6.1.2 Perovskite Materials

The chemical formula of a perovskite material is ABX3, and the structure can be de-
scribed as a three dimensional network of corner sharing BXg octahedra with A ions
occupying the cuboctahedral spaces as shown in Figure 6.2a. In the organic-inorganic
hybrid materials, A* is a monovalent organic cation, B** is a divalent cation, usually
Pb?T or Sn?T, and X~ are halide ions (C1~, Br~, I7). The range of cation sizes which

will fit in these sites without much disturbing the Pblg network is described by the
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tolerance factor, ¢, according to the equation R4 + Rx = tv/2(Rp + Rx), where Ry,
Rp, and Rx are the ionic radii of the organic cation, metal cation and halide anions
respectively. A value of ¢ in the range 0.8 > ¢t > 0.9 is generally found for cubic
perovskites. 3 As such, only very small cations with one or two carbon atoms can
form 3D perovskites, by far the most commonly reported of which are methylammo-
nium (CH3NH;*) 2121255103 and formamidinium (CHs(NHy)y™). 67119130 Much larger
cations (¢ > 1) result in the formation of a 2D layered materials, with layers of MXg

octahedra separated by a bilayer of organic cations as shown in Figure 6.2b. 1%

Figure 6.2: (a) 3D perovskite CH3NH3Pbl; with a tetragonal structure at 293 K (-
phase structural data from refl?°2l). There is a phase transition to a cubic structure
at around 330K. (b) 2D layered perovskite (C;H;5NHj3)oPbly at 298 K with stag-
gered [Pbl,]*~ layers. The hydrogen atoms on the organic cations are not shown.
(Structural data from: Lemmerer and Billing, 2012)

The optical properties of the 3D perovskites are determined by the choice of halide,
metal ion and organic cation. Electronic structure calculations on CH3NH3PbBrs
and CH3NH3Pbl3 show that states at the conduction band minimum are composed
primarily of Pb-6p-halide-np (n=4 for Br, 5 for I) orbitals, while states at the valence
band maximum are Pb-6s-halide-np in character. [40:16]

contribute directly to the CBM and VBM characteristics, but changing the A™ cation
(40]

The organic cation does not

can alter the bandgap indirectly by distortion of the lattice.
One major benefit of these materials is the ease with which thin-films can be pre-

pared. Methylammonium iodide and lead(II) iodide dissolve easily in many common
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laboratory solvents, including acetone, N, N-dimethyl formamide, and acetonitrile.
Spin-coating or drop-coating a solution containing a mixture of lead(II) iodide and
methylammonium iodide, followed by a short annealing step will form the perovskite
material of high enough quality to give 10% efficient solar cells. !?11%3 More advanced
procedures including a two-step deposition method, in which a solution of methylam-
moinum iodide is spin-coated on top of a pre-deposited lead(II) iodide film, ®% thermal
evaporation, 3 and vapour-annealing techniques*? have also been reported.

The first reported perovskite devices used simple spin-coating to form CH3NH3PbX3
(X = Br or I) perovskite nanoparticles on the surface of a mesoporous TiO, scaffold
and were direct analogues of the common DSSC structure with a solution of the
X~ /X3~ was used as the redox couple. These early devices achieved power conver-
sion efficiencies of 3.81% 1% and 6.5%'% but were unstable for more than a few
minutes as the perovskite was dissolved by the electrolyte.

Replacing the liquid electrolyte with a solid state hole-transporting material
(ssHTM) in CH3NH3Pbl3 nanoparticle sensitized solar cells increased the cell stabil-
ity and pushed the measured power conversion efficiency up to 9.7%.116 This finding
is in sharp contrast to previous reports on DSSC, for which liquid electrolytes have
consistently out-performed ssHTM. 199631232 That perovskite solar cell operation can
fundamentally differ from DSSC was reinforced when a device without any HTM 6]
was shown to operate with 7.3% PCE as determined by fast I-V scans. Loading a
mixed halide perovskite onto an electronically inert Al,O3 scaffold improved the PCE
compared to an electron accepting TiOs scaffold by forcing the perovskite material
to act as both an absorber and electron conductor," and planar devices, [131:143] in
which TiO5 and spiro-OMeTAD only act as hole and electron blocking layers respec-
tively. This shows that the perovskite material can act not only as a sensitizer, but can
also conduct either electrons, holes, or both electrons and holes to the electrodes with
low recombination losses. However, in the absence of HT'M or ETM layers which act
as electron or hole blocking layers respectively, the power conversion efficiency drops
sharply when the device is held at the maximum power point. This effect is reduced
when both a hole and electron blocking layer are present. 4]

The planar device geometry is of particular interest, as devices without a meso-
porous structure are more easily prepared by low cost, large-scale, thin-film roll-to-

[124;123

roll printing methods. I One major advantage of planar structures is that the

high-temperature (500 °C) sintering steps commonly used to prepare the mesoporous
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[121:66] are no longer required. Such processing conditions are incompatible with

layer
the flexible substrates needed for roll-to-roll methods, although it should be noted
that progress has recently been made on this front with the development of efficient
meso-structure devices prepared entirely at low (< 150°C) temperatures. 226230 Re-
moving the mesoporous layer also avoids issues associated with incomplete pore filling
by the perovskite material which is associated with increased recombination losses 133
in meso-structured devices.

In order for solar cell devices to work efficiently, charges must be able to migrate
through the perovskite material and reach the electrodes with high efficiency whether
they are bound as an exciton or free-charge carriers. In this chapter, the method for
measuring exciton diffusion lengths described in Chapter 5 is applied in to determine
the average electron and hole diffusion lengths in films of two different methylam-
monium lead halide perovskite materials, the triiodide perovskite CHsNH3Pbls, and
the mixed halide perovskite CH3NH3Pbl;_,Cl,. Materials in which the charge car-

riers have long diffusion lengths can be expected to perform well as part of a planar

heterojunction device.

6.2 Experimental

6.2.1 Diffusion Length Measurements

In order to measure the electron and hole diffusion lengths in the perovskite films, the
one-dimensional diffusion model described in Chapter 5 was applied to three thin film
samples. In this case, the reference sample was coated with an insulating polymer
to prevent degradation of the perovskite film in ambient atmosphere. The other
two samples were coated with a layer of either a hole acceptor (spiro-OMeTAD), or
an electron acceptor (Phenyl-Cg;-butyric acid methyl ester, PCBM) material. Full
details of the sample preparation methods are described in the following section, 6.2.2.

In this experiment, when the samples are excited with a short laser pulse the
generated excitons begin to diffuse through the film which, in the case of the triiodide
perovskite materials, was around 180nm thick, while the mixed halide perovskite
films were 250 nm thick. Since the initially generated exciton density is greatest at
the glass/perovskite interface, net migration of excitons is toward the quencher layer.
When some excitons reach the perovskite-quencher interface, charge transfer from

the perovskite material to the quencher occurs. With the removal of an electron
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(hole) from the perovskite film into the PCBM (spiro-OMeTAD) acceptor, there is
no longer any chance for the removed charge to recombine radiatively with the hole
(electron) left in the perovskite film. As the PL intensity is linearly proportional to
the number of electron-hole pairs at low excitation densities, a faster decay of the
total photoluminescence is observed when an acceptor layer is present, that is, the
photoluminescence is partially quenched.

As the PL decay from the perovskite films could not be well described by a simple
monoexponental decay for the perovskite materials measured, the reference PL was

fit with a stretched exponential function

I(t) = Ipexp(—(t/75)%), (6.1)

where 7, is the PL lifetime and [ is the stretched exponent. A stretched exponen-
tial function was used in order to parametrise the decay rate in the absence of any
quencher. This was required in order to accurately reproduce the “pure” perovskite
PL decay rate in the model when calculating the electron and hole diffusion lengths
and was not used to gain any insight into the radiative and non-radiative processes

occurring. The total PL decay rate in Equation 5.2, was then given by
ks(t) = kp + kyp = Bor, ot

where as before, k; is the rate of decay from the excited state by fluorescence, and

kn, is the non-radiative decay rate.

6.2.2 Sample Preparation

Films of CH3NH3;Pbls, CH3NH3Pbl;_,Cl, were prepared by S. Stranks as follows: A
precursor solution was prepared by dissolving methylammonium iodide (MAI) and
lead (II) iodide (or a mixture of lead (II) chloride and lead (II) iodide for the mixed
halide perovskite) in anhydrous N,N-dimethylformamide, in a 3:1 ratio of MAI to
PbX2. The final concentrations of lead halide and methylammonium iodide were
0.88M and 2.64 M respectively.

To form the mixed halide film, the solution was spin-coated onto a onto a cleaned
glass substrate (z-cut quartz, 13 mm diameter) at 2000 rpm in air, while the triiodide
film was prepared by spin-coating a diluted version of the stock solution (1:1 in DMF)
at 2000 rpm in air. The mixed halide films were annealed at 150°C for 15 minutes and
the tri-iodide films were annealed at 100°C for 45 minutes. The final film thickness of

102



the mixed halide perovskite films were 250 +40nm (PMMA capped film, see below)
and 270 £ 40nm (PCBM and spiro capped films, see below), and 180 4+ 35nm for the
mixed halide.

Layers of capping materials were deposited on top of the perovskite material
by spin coating solutions of either poly methylmethacrylate (PMMA, 10 mg/ml in
chlorobenzene, spin coated at 1000 rpm), PCBM (30mg/ml in chlorobenzene, spin
coated at 1000rpm) or spiro-OMeTAD (0.46 M in chlorobenzene, spin coated at
2000rpm) on to one each of the mixed halide and tri-iodide films. Chlorobenzene
was chosen as a solvent for the capping layers as the perovskite material is minimally
soluble in this solvent, while the organic materials used here are dissolve easily. As
such, it is assumed that there is no dissolution of the perovskite layer at the per-
ovskite/quencher interface, and that there is no diffusion of the quencher material
into the perovskite film. This is an important consideration for the calculation of
electron hole diffusion lengths in these materials, as any diffusion of electron or hole
acceptor materials into the perovskite film will result in a faster PL. quenching and
therefore overestimate of the diffusion length. The thickness of the perovskite film is
an important parameter required in the model and was measured on a Veeco Dektak
surface profilometer. UV-Vis absorption spectra of the films were recorded on a Var-
ian Cary 300 spectrophotometer. Sample preparation and thin film characterisation

were carried out by S. Stranks.

6.2.3 Time-Resolved Photoluminescence Measurements

The time-resolved photoluminescence measurements were measured using a FluoTime
300 time-correlated single photon counting setup by PicoQuant GmbH. Film samples
were held at a 45° angle to the pulsed output of a 510nm diode laser (LDH-P-C-
510) powered by a picosecond pulsed diode laser driver (PDL 820). The pump beam
was incident on the back (glass) face, and photoluminescence was measured at 90°
from the same face. The photoluminescence was collected and monochromated with
a FluoTime 300 spectrometer and detected with a PMA Hybrid 40 photomultiplier.
The repetition rate of the pulsed source was varied between 0.3 and 10 MHz in order
to observe the long lifetimes of the PMMA coated samples, without any wrap-around
artefacts. The fluence incident on the samples was approximately 30nJ/cm? and the
pulse duration (FWHM) was 117 ps. The time resolved photoluminescence spectra,
absorption spectra and stead-state PL spectra of the CH3NH3;Pbl; and CH3NHj3
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Pbl;_,Cly films were recorded by S. Stranks. The IRF was measured by replacing
the sample with a blank quartz slide and setting the detector to the pump wavelength
of 510 nm.

6.3 Results and Discussion

The steady state absorption and photoluminescence spectra of the mixed halide and
tri-iodide perovskite layers (PMMA capped) are plotted in the top parts of Figures 6.3
and 6.4 respectively. The absorption profile of each is broad with a sharp onset of
absorption at around 770 nm, characteristic of the mixed organic-inorganic lead halide
perovskites. The PL is narrow and centred at 770 nm for both the mixed halide and
triiodide perovskites with very small shift in position relative to the absorption onset.

The bottom graph in Figures 6.3 and 6.4 are the time-resolved photoluminescence
decays for the PMMA capped (grey squares), spiro-OMeTAD capped (blue circles),
and PCBM capped (red diamonds). The result of the fitting routine is shown as a
solid line with lighter colour (light blue for spiro, orange for PCBM) on top of the raw
data. In each case, the sample was excited with pulses of wavelength A\., = 510 nm
and the emission was detected at a wavelength of A.,, = 770nm. In the absence of
any quencher, the observed fluorescence lifetime 7, of the mixed halide perovskite
is 273 ns, reducing to 5.1 (6.1)ns when capped with the electron (hole) acceptor,
indicating diffusion through the film and quenching at the interface strongly competes
with radiative recombination. The offsets observed in the curves measured from the
spiro and PCBM capped layers at times > 40ps are due to the background noise of
the experiment and are not associated with any long-lived radiative species. Fitting
with the single-particle diffusion model described previously, yielded values for the
diffusion coefficients of 0.042 and 0.054cm?s™! for electrons and holes respectively.
When combined with the fluorescence lifetime of 272ns, a diffusion length of 1069
and 1213 nm are obtained. These are extremely long diffusion lengths when compared
to those of organic solution processed materials which are usually on the order of ~
10 nm for disordered organic materials, 9150193149 and are closer to the macroscopic
diffusion lengths (=~ 7pm) of long lived triplet excitons that have been observed in
pristine, single crystal organic solids. 163!

Photoluminescence from the triiodide perovskite in the absence of any quencher
decays with a lifetime 7, of 9.6 ns, much shorter than PL from the mixed-halide ma-

terial. There is still rapid quenching of the PL. when the PCBM or spiro acceptor
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Figure 6.3: Top: steady state absorption and photoluminescence from the PMMA
capped mixed-halide perovskite, CH3NH3Pbls_,Cl,. The thickness of the perovskite
material in the PMMA capped sample was 250 + 40 nm, while the PCBM and spiro
capped samples layers had a perovskite layer 270 £ 40nm thick. Middle: Time-
resolved photoluminescence decays from perovskite films capped with PMMA (grey
squares), spiro-OMeTAD (blue circles), and PCBM (red diamonds). The fits for each
sample obtained from the diffusion model are the lighter coloured solid lines. Each
sample was excited through the glass substrate with a 510 nm wavelength and energy
of 30nJ/pulse. The instrument response function is included as a dashed black line.
Offsets in the quenched sample curves are the noise floor of the experiment. Table:
Parameters from the model described above. D the diffusion coefficient, 7. the PL
lifetime, Lp, mean diffusion length for electrons (with PCBM) and holes (with spiro-
OMeTAD). 75 and S, are the lifetime and exponent defining the stretched exponential
decay fit of the reference (PMMA capped) PL decay. Experimental data measured by
S. Stranks
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Figure 6.4: Top: steady state absorption and photoluminescence from the PMMA
capped triiodide perovskite, CH3NH3Pbl;. The thickness of the perovskite material
in each sample was 180 £+ 35nm. Middle: Time-resolved photoluminescence decays
from perovskite films capped with PMMA (grey squares), PCBM (red diamonds) and
spiro-OMeTAD (blue circles). The fits for each sample obtained from the diffusion
model are the lighter coloured solid lines. Each sample was excited through the
glass substrate with a 510 nm wavelength and energy of 30 nJ/pulse. The instrument
response function is included as a dashed black line. Offsets in the quenched sample
curves are the noise floor of the experiment. Table: Parameters from the model
described above. D the diffusion coefficient, 7, the PL lifetime, Lp, mean diffusion
length for electrons (with PCBM) and holes (with spiro-OMeTAD). 7, and s are
the lifetime and exponent defining the stretched exponential decay fit of the reference
(PMMA capped) PL decay. Ezperimental data measured by S. Stranks
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layers are present, with the PL lifetimes reduced to 3.17 and 4.2 ns respectively. These
correspond to diffusion coefficients of 0.017 and 0.011 cm?s~! for electrons and holes
respectively resulting in exciton diffusion lengths of 129 and 105 nm when combined
with the intrinsic PL lifetime from the reference sample. These values are an or-
der of magnitude smaller than those observed in the mixed-halide perovskites. The
mixed-halide electron and hole diffusion coefficients of 0.054 and 0.042cm?s™! are
approximately 3 times those of the triiodide, however the major difference between
Lp values in the two materials arises from the difference in intrinsic PL lifetimes, as
PL in the mixed-halide takes nearly 30 times longer than in the triiodide to reach 1/e

of the initial intensity.

Perovskite L (nm) Jso (mA em™2) Voo (V) Fill Factor PCE (%)

CH3NH;3PblI3;_Cly 500 13.1+£4.3 0.89+0.1 0.59+£0.14 78+4.0
17.9 0.97 0.7 12.2

CH3NH;3Pbl; 140 7.7+£34 0.724+0.08 0.44+£0.09 23+1.3
13.2 0.71 0.45 4.2

Table 6.1:  Photovoltaic device characteristics, optimum perovskite thickness, L,
short-circuit current, Jgc, open-circuit voltage, Vpe, fill factor, and power conversion
efficiency of the mixed-halide and triiodide perovskite devices. The mean value for
each property and the standard deviation for the whole batch are listed. The values
in bold correspond to the best performing cell from each batch. Dewvices prepared and
characterised by G. Eperon.

This large difference in diffusion lengths is reflected in the device characteristics
of PV cells made from the two materials and the perovskite thickness in optimized
solar cells. These are summarised in Table 6.1. The optimum thickness for the
mixed-halide perovskite solar cells was around 500 nm compared to 140 nm for the
triiodide. 2 This limitation is primarily imposed by the much shorter electron-hole
diffusion length. Due to the high attenuation coefficient (v in Equation 5.1) in per-
ovskite materials, most of the incident photons are absorbed within a few hundred
nanometres. If the film thickness is much longer than the diffusion length for electrons
and holes in these materials, a high percentage of generated charges will decay before
reaching the electrodes of the solar cell. Figure 6.5 shows the extraction efficiency as
a function of perovskite layer thickness, with extraction efficiency defined as the num-
ber of charges reaching the far edge of the perovskite film divided by the total number

1

of photons absorbed. For the triiodide, with attenuation coefficient a = 27000 cm™",

only 50% of the absorbed photons will result in photogenerated charges reaching the
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top edge of a 160 nm thick perovskite film when the diffusion length is 100 nm. For the
mixed-halide material with diffusion length longer than 1000 nm, there are no such
constraints on the maximum film thickness. This allows for thicker films in optimised
mixed-halide perovskite devices with higher total photon absorption and therefore

higher short-circuit currents than in the thinner triiodide cells.
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Figure 6.5: Simulated collection efficiency ng./naps as a function of total film thick-
ness and diffusion length for a film with attenuation coefficient @ = 27000cm™1,
comparable to that of the triiodide perovskite at 510 nm.

As the materials spiro-OMeTAD and PCBM are used regularly by many PV re-
search groups, and the TCSPC technique is commonly used, measurement of the the
electron and hole diffusion lengths in a given perovskite material is a simple and useful
indicator as to whether this material is suitable for use in planar devices, circumvent-
ing the need to fabricate and test multiple cells of varying perovskite thickness.

In the model, the population of only one single mobile species is considered but
the use of quenchers which are selective to either electrons or holes allows for the
diffusion coefficient and diffusion length of each to be obtained. As the electron and
hole diffusion coefficients are similar in both perovskite materials, it is not possible
to determine whether transport through the film takes place as a bound exciton or
free charges. The difference between the 0.042cm?s™!, 1069 nm and 0.054 cm?s™!,
1213 nm for the electron and hole diffusion coefficients and diffusion lengths could be

due to a real difference in mobility in the film between the two charges if they travel
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independently of each other, or could be due to a difference in quenching efficiency
between the PCBM and spiro-OMeTAD, both of which were assumed to be unity.
Whether the major charge carrier species in these perovskite films are bound ex-
citons or free charges has been the subject of discussion in the literature204233:207:62]
The exciton binding energy in the triiodide material has been reported as ranging
between 19 and 55 meV, 107:212208:62] Jepending on the measurement technique used.
These values are all comparable to kg1 ~ 25meV at room temperature, and corre-
spond to between 50 and 90% of the generated electron-hole pairs remaining bound
as excitons according to the Boltzmann distribution. As the splitting of excitons into
free charges is an equilibrium between species rather than just a distribution amongst
different energy states, D’Innocenzo et al. applied the Saha-Langmuir equation to cal-
culate the ratio of free charges to excitons as a function of temperature, population
density and exciton binding energy. They found that under standard device opera-
tion conditions, electrons and holes exist almost entirely as free charges and not as
weakly bound excitons. %2 This agrees with the finding that PL arises solely from free

23] and is likely the reason for the absence

charge recombination by Yamada et al.!
of any discernible exciton peak in absorption spectra of the perovskite films at room
temperature.

Accurate values for the diffusion coefficient can be obtained providing the decay
rate for the charge carrier as determined by fitting the reference sample PL decay
is still applicable to the PL films in contact with the quencher. This is the case
for the mixed halide sample, as the 30nJ/pulse excitation power used in the TC-

3 excitation density, a level at which

SPC measurement corresponds to ~ 10 cm™
recombination is predominantly mono-molecular??!!. For the triiodide material, the
bimolecular recombination mechanism begins to make a larger contribution at these

[228:233] ~ Ag such, the reference PL parameters may not adequately describe

fluences
electron and hole densities leading to the slight discrepancy between the fit and data
in the 20-35 ns window for the spiro-OMeTAD sample. In general however, the qual-
ity of the fits is high and allows for confident determination of the electron and hole

diffusion lengths in these materials.

6.4 Conclusion

A simple method of determining the diffusion length of electrons (holes) by comparing

photoluminescence decays with and without an electron (hole) acceptor layer has
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been applied to methylammonium halide perovskite films. Diffusion coefficients of
4.2 x 1072 and 5.4 x 1072 cm?s™! were found for electrons and holes respectively
in a film of the mixed-halide perovskite, CH3NH3Pbl; ,Cl,, and values of 1.1 X
1072 and 1.7 x 1072 cm?s™! for the triiodide CH3NH;Pbls, approximately one order
of magnitude larger than the ~ 1 x 1073 cm?s~! values observed in other solution
processable materials. Due to the long radiative lifetimes of ~ 9ns and ~ 270 ns for
the triiodide and mixed halide matierals, electron-hole diffusion lengths exceed 100 nm
in the triiodide and 1pm in the mixed halide. This method is therefore a useful tool
to determine the suitability of a given perovskite material for use in planar solar cells
since it is the diffusion length which limits the number of generated electron-hole pairs
that can reach the electrodes and hence the maximum film thickness and amount of

incident light that can be absorbed in planar devices.
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Chapter 7

Conclusions

Through the experiments described in this thesis, the key energy transport processes
in hybrid organic-inorganic perovskites, a series of conjugated low-bandgap polymers,
and two donor-acceptor-donor triad dyes have been investigated. Each of these mate-
rial classes show promise for use in solar energy conversion, either as the active layer
of photovoltaic cells or as the luminophore in solar concentrator devices. Efficient
energy transfer is crucial for the efficient operation of each of these devices, whether
it be migration of excitons to the heterojunction in an organic photovoltaic device
in order to form free charges, long range transport through a flat perovskite film
to the ETM/HTM in perovskite photovoltaics, or intramolecular energy transfer in
triad dyes to minimise escape and self-absorption losses in luminescence solar concen-
trators. Ultrafast photoluminescence spectroscopy has been shown to be well suited
to measuring these energy transport processes by monitoring the photoluminescence
decay in the presence of quencher materials, or monitoring transient PL originating
in different chromophores within a single molecule.

The results of the experiments described in this thesis are briefly summarised, and
suggestions for further work are given below.

In Chapter 4, the rate of intramolecular energy transfer in two donor-acceptor-
donor triad dyes was measured by monitoring the photoluminescence decay dynamics
at wavelengths specific to emission from the donor and acceptor units on the dye, as
well as by monitoring the evolution of the emission spectrum at short times after
excitation. It was observed that rapid energy transfer takes place in less than 2 ps
in both the dye in which the transition dipole moments of the donor and acceptor
units are collinear, and the triad in which the acceptor transition dipole moment is

orthogonal to those of the two donor units. Such rapid energy transfer is expected
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for the linear triad by Forster’s point-dipole model, however energy transfer in the
orthogonal case is expected to be zero by this model.

A distributed-dipole model was used to explore the effect of the breakdown in
the point-dipole model due to the close proximity of the donor and acceptor units,
along with the possible effect of a break in orthogonality between the dipole moments
by bending about the bond linking the two. While this modified Forster model was
able to predict the rapid energy transfer rate in the linear triad, it severely under-
estimates it for the orthogonal case. The observed rapid rates were found to be due
to a combination of through-space and through-bond energy transfer involving direct
interaction between the subunits. Measurement of the PL anisotropy showed that
the rapid and efficient energy transfer allows for control of the emission polarisation
relative to the polarisation of absorbed light by through control of the relative orien-
tation of the donor and acceptor units during synthesis. These are essential features
of dyes for use in luminescent solar concentrators which have low self-absorption and
surface losses.

In Chapter 5, the influence of thin-film morphology on energy transfer and the
overall photovoltaic performance for a series of low-bandgap conjugated polymers
containing benzodithiophene and benzothiadiazole donor and acceptor subunits was
investigated. It was found that the polymers which yielded devices with the highest
power conversion efficiencies when blended with PCgBM from the series were those
which formed the most amorphous films with very low surface roughness as deter-
mined by wide-angle x-ray scattering and atomic force microscopy. The formation of
crystalline domains in films of the low-performance polymers correlates well with the
observation of aggregate formation in solution at conditions similar to those during
device fabrication.

The presence of crystallite domains result in a longer exciton diffusion length
(7.5nm) relative to that observed in the more amorphous films (4nm), however in
both the systems the vast majority of excitons can easily reach a polymer:PCBM
interface, which was observed as an ultrafast (< 1ps) quenching of almost all the
polymer photoluminescence. These observations suggest that the observed reduction
in device performance for all but the most amorphous films, that is, whenever a size-
able number of crystalline domains are present, arises from losses during the charge-
transfer state dissociation and migration to the electrodes. This is likely to be due to

charge trapping at the boundary between regions of ordered and amorphous polymer
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domains. For this class of bezodithiophene-co-benzothiadiazole polymers therefore,
synthesis of co-polymers which form amorphous films are beneficial to photovoltaic
device performance.

In Chapter 6, the diffusion length of electron and holes in two organic-inorganic
perovskite materials, CH3NH3Pbls and CHsNH3Pbl3_,Cly, were determined by com-
paring the rate of photoluminescence quenching in the presence of an electron acceptor
(PCBM) or hole acceptor (spiro-OMeTAD) with that of a control sample without the
acceptor layer. For the mixed halide perovskite, extremely long diffusion lengths of
over 1 micrometre were observed for both electrons (1069 nm) and holes (1213 nm).
In contrast, the diffusion lengths in the triiodide material are an order of magnitude
shorter, around ~ 100nm, yet still much greater than those commonly reported in
other solution processable materials. These long diffusion lengths arise from a combi-
nation of both increased diffusion coefficient and long carrier lifetimes. The distance
over which carriers can migrate is vitally important for planar devices lacking the
mesoporous scaffold which is a common feature in many perovskite solar cells. Ap-
plication of this method to determine diffusion lengths can therefore provide a simple
means by which to predict whether a given perovskite material is suitable for use in

planar devices.

Future Work

Further to the studies of energy transfer in the triad dyes described in Chapter 4,
more advanced calculations to determine the degree of through-bond interaction be-
tween the donor and acceptor units could be interesting from a fundamental physics
viewpoint. From a more applied viewpoint, it would also be useful to determine the
efficiency of LSC devices incorporating these triad dyes based on their suitability for
such applications as described in this thesis.

In light of recent studies in which electrons and holes were found to predominantly
exist as free carriers rather than excitons in the perovskite films, 62233 refinements to
the model described in Chapter 6 could prove to be a useful avenue for future research.
In particular, accounting for the populations of electrons and holes individually rather
than treating them a single mobile species may result in improved fit quality, especially
if diffusion lengths under conditions of higher excitation fluence regimes are of interest.
This would require however that the rates of recombination be determined separately

and used as parameters in the model, rendering the technique less applicable as a

113



simple method for determining the suitability of a given material for use in planar
PV devices.
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