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Abstract

Hybrid organic/inorganic light-emitting diodes (HyLEDs) combine thin, metal oxide layers
together with light-emitting organic semiconductors to create devices that are more resilient to
ambient conditions than standard devices. In this thesis, HyLED performance is measured as a
function of the individual organic and oxide layer properties with the aims of addressing several

perceived gaps within reported literature and to consequently optimise future device design.

Reported herein are the results of the insertion of a vertical zinc oxide nanorod array as a non-
planar, bottom-cathode electron injection layer. Using facile solution-processing methods, a
well-aligned and uniform array was deposited into which the light emitting polymer poly(9,9'-
dioctylfluorene-co-benzothiadiazole) (F8BT) was then melt-processed to create a massive, 3D
interfacial contact area for electron injection. This study recorded, for the first time, efficiency
and luminance values for a vertical nanorod-based LED with maximum figures of 1.66 cd/A and
8602 cd/m? showing their potential for display and lighting applications. The successful
demonstration of these nanorod HyLEDs was due to the insertion of a poly[(9,9-dioctylfluore-
nyl-2,7-diyl)-co-(4,4'-(N-(4-sec-butylphenyl)diphenylamine)] (TFB) at the F8BT/anode
interface to block electrons and reduce the probability of interfacial exciton dissociation. Using
post-deposition annealing and solution processing, a robust method of casting TFB onto F8BT
without the need for lift-off steps is presented. In planar devices, the insertion of TFB increases
the maximum recorded efficiencies from 0.024 to 1.0 cd/A and its role as an optical emission
tuning layer was also demonstrated; by simply varying the layer thickness the F8BT electro-
luminescence was tuned from green emission to orange. Finally, the molecular weight of F8BT
was seen to significantly influence the performance of HyLEDs, with six separate batches
ranging from 36 to 300 kg/mol providing a systematic device study. Importantly, these batches
were extracted from a single commercial source using gel permeation chromatography to

negate the possible influence of different synthesis routes and chain ends.

The thesis is organised into six chapters. Chapter 1 focuses on the principles behind device
design and operation with an overview of the current state of HyLED literature and a discussion
of the principle materials studied. Chapter 2 provides a general description of the experimental
procedures and techniques used throughout. Chapters 3 to 5 each focus on a specific
experimental investigation and are largely self-contained with each presenting - along with a
discussion of the results - a literature review, a list of aims and an experimental section
particular to the study conducted. Finally, Chapter 6 provides general concluding remarks,

expanding on the ideas of further work discussed within Chapters 3-5.
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Chapter 1: Introduction

The purpose of this chapter is to review the fundamentals of organic semiconductors (0SCs)
and their relevance to the operation of organic light emitting diodes (OLEDs). A brief history of
electroluminescence from semiconductor materials is provided comparing the development of
the more established inorganic light emitting diodes (iLEDs) against the rapid rise in the
performance of their organic counterparts over the past three decades. The combination of thin
metal oxide films as transporting layers with light-emitting OSCs has resulted in a relatively new
class of LEDs which promises to enhance the stability and lifetime of otherwise all-organic
OLEDs whilst providing an alternative low-cost, rapid solution-processing route to device
fabrication unachievable with iLEDs. Since the first demonstration of these so-called hybrid
organic-inorganic LEDs (HyLEDs) a decade ago, the technology has positioned itself as a totally
viable route to simplified, more ambient stable diodes; a general overview of the development
of HyLEDs is also given in this chapter. During this PhD, the contribution of a chapter was made
to the reference text "Advanced Materials for a Sustainable Energy Future" titled "Materials for
LEDs and OLEDs"; some sections and figures here have been adapted from that chapter!tl.

1.1. A History of Light-Emitting Diodes

Electroluminescence (EL) from semiconducting materials was first documented in 1907 when
Henry Round reported the emission of light as a result of passing a current through SiC
crystals(2l. He noted the emission of light from biases as low as 10 V, attributing the effect to the
applied current. Despite his concluding plea ("The author would be glad of references to any
published account of an investigation of this or any allied phenomena") there appears to be no
evidence of documented work into this effect until it was once again independently
rediscovered by Oleg Losev twenty years later. In this case, Losev published a series of papers
exploring the effect of, for instance, temperature and current on the emitted spectrum and going
as far as suggesting applications for light relays[3-5]; he is widely considered to have invented the
first LED. With improvements in the growth of semiconductor crystals, the first practical LEDs
did not emerge until the 1960s with Holonyak and Bevacqua being widely credited for
developing the first visible light LED based on doped Ga in 1962 for use in simple indicator
applicationsl¢l along with low-cost red, green and yellow LEDs which followed soon after!(”l.
Nowadays, however, inorganic LEDs are used for a wide range of high quality, all-colour lighting
and display purposes particularly following the breakthrough discovery of efficient blue LEDs in
1995181 - a discovery which awarded its inventors Isamu Akasaki, Hiroshi Amano and Shuji

Nakamura the 2014 Nobel Prize for Physics.

As the first inorganic LEDs were being developed, observations of electroluminescence from

conjugated organic small molecule crystals were also beginning to emerge. Bernanose, Comte
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and Vonaux reported light emission when quinacrine and acridine orange crystals were
subjected to alternating electric fields of 2000 V in 1953[]. Pope, Kallmann and Magnante
(1963) recorded light emission from tetracene-doped anthracene single crystals at 400 V D.C.
operation, but this was still considerably larger than the 1.3 V needed for inorganic visible-
spectrum LEDsl¢l, Hampered by such high operating voltages, it was not until Tang and Van
Slyke's seminal work in the 1980s that showed for the first time that such organic LEDs could
indeed be used for lighting and display applications. This device consisted of vacuum deposited
sub-100 nm diamine and Alqz layers, respectively, as hole-transporting and light-emitting
layers, and demonstrated efficiencies comparable to commercially available ZnS LEDs at
operating voltages of < 10 V. This breakthrough was closely followed by the work of
Burroughes and Bradley who demonstrated emission from solution cast conjugated
polymers(t9, opening the possibility that, unlike iLEDs, organic materials could provide low-cost
and rapid solution processing routes to possible large-area flexible displays. Furthermore,
OLEDs demonstrated efficient white emission before inorganic LEDs and between 1994 and
2014 efficiencies for white OLEDs increased from 1 lm/WI1l with fluorescent emitters to a
record 139 Im/W with phosphorescent emitters!!2l, In this short space of time, the commercial
applications of OLEDs now encompass displays from everyday handheld technology to high-end
ultrathin, flexible televisions. Figure 1.1 summarises some of the key developments

demonstrated by both types of diode.
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Figure 1.1: Key developments of LEDs and OLEDs over the 20t century.



iLEDs and OLEDs (both of which constitute the area of ‘solid state lighting’, SSL) are seen as a
route to reduce the amount of energy currently spent on general lighting. International reports
put the proportion of electrical energy used for lighting at 15-20%l1314 whilst a recent
European Commission report states that public lighting in European cities accounts for 60% of
all public electrical costsl'5l. The combined use of OLEDs and iLEDs is projected to reduce
energy consumption in this area by a third by 2025[16l. The 2014 US Department of Energy Solid

State Lighting report makes a usage comparison between LEDs and OLEDs:

“At this time, the global market for SSL is dominated by LED-based lighting products, while
OLED lighting is currently confined to decorative luminaires and custom-built fittings, designed

more to enhance the ambiance than to produce light.”

This is indicative of the current higher cost of emergent OLED lighting panels versus the more
established LED fixtures ($500/klm versus $16/klm)(t6l. However, the pace of progress of
OLEDs and their considerable design advantages has led to industry projections of organic

lighting systems dominating the interior lighting market by 2025[17.18],

Throughout the course of this PhD, a relatively recent class of LEDs combining inorganic metal
oxide layers with OSC layers was used as a basis to explore the properties of both material
classes and their influence over device performance. Metal oxide thin films can be cast from
solutions just as organic thin films can; these hybrid organic-inorganic LEDs seek to combine
the high transparency, and superior electrical and thermal properties of metal oxides with the
easily tunable optoelectronic characteristics of OSCs with the ultimate goal of creating wholly
solution processed diodes(!9. The structure of such HyLEDs has already been demonstrated to
give more stable, longer operating lifetimes under ambient conditions compared to 'standard'
OLEDs reducing the need for complex encapsulation layers to protect the active components
from moisture and oxygen/20l. Until very recently, however, these devices have been limited in
their efficiencies compared to other classes of OLED. In order to understand why this is the case,
sections 1.2-1.7 review the working principles of OSCs and OLEDs before a review of current

HyLED literature is presented.

0SCs include small molecule and polymeric materials and OLEDs making use of either of these
material classess are usually abbreviated to SMOLEDs and PLEDs, respectively. However, unless
a distinction needs to be made, the term 'OLED' will be used generally throughout this thesis to

refer to any diode making use of a light-emitting OSC.



1.2. Origin of Electrical Behaviour in Organic Semiconductors
When one is asked to think of materials that can conduct electricity, those that are 'organic' or

'plastic’ and carbon-based do not immediately come to mind. However, due to the presence of
delocalised electrons arising from conjugated (alternating) single (C-C) and double (C=C)
bonds between adjacent carbon atoms, it is indeed possible to pass a current through such
materials. The emergence of a direct energy gap E, is analogous to that of classic inorganic
semiconductors such as GaAs and GaN allowing OSCs to be used for similar applications, but
with the added benefit of rapid, low-cost, solution processed deposition techniques. Here, the

origins of the semiconducting behaviour in OSCs are explored.

1.2.1. Hybridisation of Carbon Orbitals

The second electron shell of carbon contains 4 electrons arranged with the configuration
2s22px2py and a vacant 2p, orbital (figure 1.2ai). One of the electrons in the 2s shell may be
promoted to the 2p, orbital thereby allowing all four orbitals to accept an electron from another
atom in the formation of a covalent bond (figure 1.2aii). This specific case arises due to the
linear combination of the 2s and 2p wavefunctions in a process called hybridisation; a carbon
atom which forms four covalent bonds with four separate atoms is sp’ hybridised. Of
importance to OSCs is when only the 25, 2p,, and 2 p, orbitals hybridise leaving the 2 p, orbital at
a higher energy state (figure 1.2aiii). Here, the carbon atom is sp? hybridised. In the case of
ethene when two such carbon atoms are combined (figure 1.2b), a covalent bond involving sp?
orbital electrons is formed between the two carbons, with the remaining pair of sp? orbital
electrons on each carbon forming covalent bonds with hydrogen atoms. These bonds are called
o-bonds and all lie in along the same plane. The left-over 2 p, orbital electron from each carbon
atom is oriented perpendicularly to this plane and overlap with each other to form a 7~bond
completing the C=C bond. The overlap of these orbitals is called conjugation and is what allows
the electrons to delocalise through an organic molecule. The linear combination of each of these
orbitals gives rise to bonding 7 and anti-bonding 77* states; the highest of the m states is called
the highest occupied molecular orbital (HOMO) whereas the lowest unoccupied molecular
orbital (LUMO) is the lowest energy m* state. These states are, respectively, analogous to the
valence and conduction bands (VB and CB) of inorganic semiconductors and are, similarly,
separated by an energy gap E. Adding further C2Hs4 units to the ethene chain serves to increase
the number of both 7wand *states simultaneously higher in energy than the HOMO and lower
in energy than the LUMO. Increasing the length of conjugation (i.e. the number of continuously

overlapping 2 p; orbitals) therefore reduces £,as shown in figure 1.2c.
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Figure 1.2: (ai) Box-arrow representation of carbon’s second electron shell. (aii) The promotion
of a 2s electron to the empty 2p, state. (aiii) Hybridisation of the 2s, 2p, and 2p, states. (b)
Schematic of an ethene molecule formed from the combination of two spZhybridised carbon
atoms. The hybridised orbitals form o~bonds in the plane of the molecule while the 2 p, orbital is
delocalised over the C-C bond perpendicular to the plane of the molecule. (c) Increasing the
number of m-conjugated units reduces the size of £, (adapted from reference [21]).

This would imply the eventual overlap of the HOMO with LUMO giving rise to metallic
behaviour, but in reality the two do not converge to the same energy as the number of
monomers increases to infinity. This is a consequence of the fact that the C=C bond is shorter
than the C-C bond and an electron experiences an energetic barrier as it moves from one to
another in a conjugated chain (Peierl's distortion). The electron is also affected by distortions to
the molecule chain and lattice vibrations further impeding its movement through the chain.
Thus a finite £, remains with the number of monomers needed to reach the saturated £z value
known as the effective conjugation length?2]. The Su-Schrieffer-Heeger theory describes this

phenomenon and is further explored in, for example, Geoghegan and Hadziioannoul23l.

1.2.2. Polarons and Excitons
The size of Eg is typically greater than 1.5 eV and thus conjugated polymers are intrinsically

insulating. However, OSCs may be doped through the reduction or oxidation of the molecule.
Doing so leaves the OSC in an excited state with an overall net charge strongly coupled to the
electronic environment. Such a state is called a polaron and its presence leads to distortions of
the molecular lattice which shifts the HOMO/LUMO levels into the band-gap to stabilise the
charge; a polaron is therefore coupled to the chainl24. The removal of an electron (oxidation)

results in the appearance of an electronic state just above the HOMO occupied by a positive
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polaron; the addition of an electron (reduction) results in the appearance of a state occupied by
a negative polaron just below the LUMO (figure 1.3). The strong coupling of a polaron to the
molecule is one of the fundamental reasons for the poor charge mobility in OSCs[25l. For
simplicity, negative polarons and positive polarons will be henceforth referred to as electrons

and holes, respectively.

LUMO
> +
X
(]
[
“ e
HOMO
Ground Positive Negative
state polaron polaron
(hole) (electron)

Figure 1.3: representation of the HOMO and LUMO energy levels and the appearance of energy
states in the band gap as an electron is either removed to leave a hole just above the HOMO, or
added to fill a state just below the LUMO.

Generated holes and electrons may interact with each other via the coulomb force to form an
exciton; the energy states of this quasiparticle are further relaxed into the band gap with respect
to the individual charges. Such an exciton may exist solely on one molecule (Frenkel exciton) or
may be spread across two different molecules (charge transfer exciton) depending on the
location of the charges/2¢l. Excitons in OSCs are characterised by large binding energies which
can exceed 1 eV and are consequently stable to room temperature thermal dissociation (~ 25
meV). Excitons can be further characterised as either singlet or triplet excitons. This is
determined by the fact that each charge has a spin s of either +% (1) or -% (!) (indicated by the
arrows in figure 1.3) and further due to the fact that, as charged particles, they also have a
magnetic angular momentum which determines the phase of the charge relative to a magnetic
field. Thus charges that have opposite spin, and are also out-of-phase, will form singlet excitons

with a spin wavefunction s

1
Vss = E(Tl‘l’z - ‘Lsz)' 1.1

If both charges exhibit spins in the same direction (both up or both down), or exhibit opposite

spins that are both in phase, then the exciton formed will be in the triplet state, of which there

are three degenerate possibilities ¢



(1.1.)

Vsr = %(Tl‘l’z + ‘Lsz)' 1.2
(hi)

If one assumes that the spins of the charges are random, it is clear that triplet states are three

times more likely to form than singlet states.

We have seen that the combination of multiple sp? hybridised carbon atoms leads to the
formation of 7 and m* states and that these states are separated by £, The size of E is
instrumental in guiding the OSC towards particular applications. Charges can be added to the
LUMO or extracted from the HOMO and this can be done via direct charge injection from an
electrode to either level or through optical excitation of an electron in the HOMO to a state in the
LUMO. Excitons arise as a result of the interaction between a hole and an electron. As discussed
in section 1.3, whether an exciton forms in a singlet or triplet state has important implications

on the optical characteristics of the OSC.

1.3. Optical Processes in OSCs

Because the presence of charge on the OSC causes energy states to shift into the band gap, the
energies associated with optical processes are usually smaller than E,. Thus, absorption

measurements (Chapter 2) give the value of the optical band gap E,, which can be expressed as:

Eop:Eg_EB 1.3

where Fjp is the exciton binding energy. Indeed, exposing an OSC to sufficiently high photon
energies will lead to the promotion of a HOMO electron to a state below the LUMO such that it
remains bound to the vacancy created in the HOMO; i.e. an exciton is formed. As E;is dependent
on the conjugation length (figure 1.2c), so too is £, and longer conjugation lengths (up to the
effective conjugated length) would result in lower energy transition processes. The impact of £
too, is large due to the generally low dielectric constant in organic materials providing a weak
screening between charges thereby increasing their Coulombic interaction (this differs from
inorganic semiconductors where the high dielectric constant results in weakly-bound Mott-
Wannier excitons)[23. 26]. Absorption occurs over a period of femtoseconds and excitons created
in this manner are found in the singlet states; .$; is the lowest energy singlet state. Triplet states
T; are not generally formed via optical excitation as this requires a change in total angular
momentum, but may form as a result of electrically injected charges under the action of an

applied voltage. Triplet states are in a lower energy state relative to the corresponding singlet



state; due to the charges being in the same spin state they have to be separated (due to the Pauli

Exclusion Principle), reducing the coulombic repulsion between the charges(23l.

Singlet excitons can decay back to the ground state .Sy via the emission of a photon in a process
called fluorescence which occurs over a period of nanoseconds. Due to their spin, the radiative
decay of triplets to Sy is normally forbidden and can only happen in certain materials where the
selection rules are broken via spin-orbit coupling and then only over a longer period of time
(micro-milliseconds) via phosphorescence. The longer triplet state lifetime however makes it
more likely that they will decay via nonradiative processes, however, through collisions or
vibrational means (processes which can also effect singlet excitons). Figure 1.4 shows a
Jablonski diagram highlighting some of these transitions. Note that it is possible for a singlet
exciton to decay to a triplet state via intersystem crossing (ISC); as this involves a change in the
spin state it is also a forbidden transition, but the probability of it occurring is increased in OSCs
containing heavy metal atoms. In fact, the conversion of singlet excitons to triplet excitons is an
important process in the development of efficient emitters based purely on phosphorescence,

particularly in the area of general lighting(27-29].

Vibronic
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Energy

<

Figure 1.4: Jablonski diagram showing the optical transitions between ground and excited states
of an OSC, with the vibrational energy levels shown as dashed lines. Only the first singlet and
triplet excited states are shown; higher levels of each one are possible, however.

The ground, singlet and triplet states are further composed of closely spaced vibronic energy
levels which give rise to finer detail in the absorption and emission spectra. In absorption,

electrons are excited from the lowest energy level in Sy to many vibronic states in Sz All



conjugation lengths (and hence the distribution of energy gaps) are sampled meaning that
absorption spectra tend to be broad with fewer distinguishable features compared to emission
spectra. This is because, following excitation, excitons will then diffuse to the smallest energy.
The molecule will undergo a series of energetic relaxations as bond lengths adjust to the
presence of the excited species. For fluorescence, emission then occurs from the lowest .57 state
to vibronic states in Sy in sites of longer conjugation and as it is only these states involved in the
emission process, it is possible to identify which vibronic state the .S; state is decaying to.
Because of the subsequent relaxation mechanisms, the emitted spectrum experiences a Stoke’s

shift relative to the absorption spectra.
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Figure 1.5: The propagation of excitons through an organic layer via (a) Forster or (b) Dexter
transfer. Adapted from reference [30].

Energy losses also occur as the exciton diffuses through the OSC prior to the decay of the
molecule back to the Sy state. Figure 1.5 shows that this can occur primarily via two paths.
Firstly, as an oscillating dipole, the exciton may cause a resonance via the Coulomb force on a
nearby molecule promoting an electron from the HOMO to the LUMO in a process known as
Forster energy transfer. The dipole-dipole interactions, and consequently the efficiency of this
energy transfer, scales with distance ras 1/ré; the process can take place over comparatively
large distances of 5-10 nm and taking a mere ~10 ps to do so. In the second instance, an overlap
of the frontier electronic orbitals allows either the hole or the electron to tunnel to an adjacent
molecule or chain. This is known as Dexter energy transfer and is only important for direct
neighbours when the molecules are very close together; consequently, transfers occur over
smaller distances compared to the Forster mechanisml(23l. In both cases, the second ('acceptor")
molecule is now in an excited state, whereas the first (the 'donor") has relaxed back to Ss As

these transfers primarily occur to lower energy sites, the emitted wavelength will experience a



bathochromic shift and therefore consideration of these processes is important particularly in

situations where more than one type of OSC is present.

The discussion in this section has centred mainly on emission processes as a result of optical
absorption. However, as indicated in the discussion regarding triplets, emission may also be the
result of charge that has been electrically injected into the OSC via an electrode, i.e.
electroluminescence. In this case, holes and electrons move through the bulk material under the
influence of an applied electric field, eventually interacting to form an exciton. The next section

considers the transport of charge through an OSC.

1.4. Charge Transport

0OSCs are typically disordered materials. This is particularly the case with polymeric OSCs, which
can be envisaged as 'spaghetti-like' in that the backbone can experience kinks and bends, fold
back on itself and entangle with other chains. Together with rotations between monomer units,
impurities and structural defects, such effects can reduce the spatial overlap between
wavefunctions and introduce energy barriers as a consequence of changing conjugation lengths
(see figure 1.2c). Coupled with the structural relaxations incurred by the presence of charge,
hole and electrons therefore move through the bulk OSC under the action of an externally
applied electric field with low mobilities, typically a few orders of magnitude less than 1 cm2 V-1
s'1. Compounding this, carrier concentrations available for conduction are typically in the range
of 105-1010 cm-3 for OSCs31l (versus ~1023 cm-3 in, for example, copper) preventing the flow of
large current densities. However, due to continued improvements in the understanding of the
relationship between the OSC structure and charge transport, mobilities of OSCs have recently
begun to outperform those of amorphous silicon (0.5-1.0 cm? V-t s'1) by quite a margin as
recently reviewed by Sirringhaus32l and demonstrated by Yuan et al (43 cm? V! s1 for a
solution processed thin film transistor)33l. Furthermore, the deposition of layers in the range of
~100 nm thick can give rise to large internal electric fields (~10¢ V cm1) that can permit the

injection of charge and hence practical current densities in the order of 1 A cm-2[31l,

The ability of a material to allow charges to flow through it under the influence of an externally

applied electric field Fis measured as the conductance o

o==
F 1.4

where / (in A cm) is the current density. However, it is the mobility 4 (cm? V-1 s-1) which is

traditionally used to quantify the ability of an OSC to conduct charge. The mobility can be
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viewed as the dependence of a charge's drift velocity von the applied electric field and can be

expressed as:

ﬂ:;- 1.5

As reviewed by Coropceanu et al, many factors can influence g including molecular packing,
disorder, temperature and the applied electric field[25]. Transport in OSCs is typically described
as proceeding through a mixture of band transport and thermally activated tunnelling
('hopping"). The former is more likely to take place along the conjugated backbone and in
instances where the bulk material can pack into a tight regular crystalline lattice, i.e. in
situations where there is sufficient spatial overlap of the charged state wavefunctions. Here,
charge will travel in a general direction as defined by F but since conjugated chains are finite in
length and likely to not be aligned along the same direction as £ the charge will have to hop to a
different segment of the chain, or to another chain altogether to continue to drift(23l. The
likelihood of this happening is dependent on the energy required to hop on to another site as
well as the distance to it. The variation in site energies within the LUMO and HOMO levels is a
consequence of conformational variations in the OSC structure which change the conjugation
length (figure 1.2¢) and is known as diagonal disorder; the variation in the hopping distances
leads to varying degrees of electronic overlap in the between segments is known as off-diagonal
disorder34. Figure 1.6 illustrates these phenomena for both crystalline and amorphous regions.
The nature of charge hopping means that it acts as a rate limiting step to conduction in OSCs,
though increases in temperature may improve conduction by providing the charges with more
activation energy (band transport, on the other hand is adversely affected by temperature

increases due to increased phonon scattering)[2sl.

Energy
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Figure 1.6: The nature of charge hopping in crystalline and amorphous regions for an electron
travelling under the influence of an applied electric field.
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The mobility itself may also be influenced by F as it distorts the potential well of a charge,
lowering it in the direction of F'similarly to the Poole-Frenkel effect35l. The mobility would then

depend on Fas

w1 =ty explpVF) 16
where yp is the zero-field mobility and £ is the experimentally determined field-dependent
Poole-Frenkel coefficient. This will be further discussed in chapter 5 where it is also observed
that the molecular weight (MW) of a polymer influences the charge transport through the bulk

of the material due to variations in chain packing.

The transport of charge through an OSC is inextricably linked to its injection under an applied

external voltage via an electrode; this is discussed next.

1.5. Charge Injection

Figure 1.7a considers an OSC sandwiched between two different metals each with its own work
function (®,,1 and @,,2). The work function of a metal is the difference between the highest-
energy occupied electron states at the Fermi Energy £rand the vacuum energy (VE) which itself
is the energy of the carriers removed from the solid and taken to infinity. One can also define the
ionisation potential /»as the energy required to remove an electron from the HOMO of the OSC
to infinity, and the electron affinity y as the decrease in energy in adding an electron to the
LUMO levels from infinity. Thus, for a given ®,, there exists a barrier to electron injection ¢-

and a barrier to hole injection ¢* respectively defined as

¢ =0, —x 1.7
$ =1,-D,. 1.8

Expected barrier values can deviate from that defined in equations 1.4 and 1.5 due to defects
present in the OSC, the energetic disorder shown in figure 1.6 and the emergence of surface
states and surface dipoles upon the creation of the interface between the two materials[3436l;
indeed, in Chapter 5 it is observed that the in-built potential varies for a given polymer
according to its MW and thermal processing. If at least one of the energetic barriers is small
enough, electrons from the metal with the highest ®,, can leak through the OSC to the other
metal to lower the overall energy of the system. This will continue until an equilibrium is
reached between both levels and the emergence of an internal electric field Fz that acts to repel
the leakage of further charges (figure 1.7b). The magnitude of this field is typically taken to be

the difference between @, ; and @, over the thickness of the OSC layer &
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Fy = % , 19
where Vz= ®,,;— @2 To inject further charge into the OSC, an applied forward bias V,,, must
exceed Vs At Vapp> Vg, the energy barrier spatially takes a triangular form. Should the barrier
height exceed ~0.3 eV, charge transport through the OSC is injection limited, i.e. the resistance
at the injection interface is greater than that of the bulk layer. In this case, charge injection
occurs through a mixture of Schottky thermionic emission (figure 1.7c; more likely at higher
temperatures and for thicker organic layers) and Fowler-Nordheim quantum tunnelling (figure
1.7d; more likely for thinner layers and higher voltages)34l. A full mathematical treatment for

these injection modes is given in, for example, in reference 34, but figure 1.7 illustrates their

physical significance.

(b) -~y

0sc 0sC

(c) (d)

-

Figure 1.7: (a) Flat-band energy diagram of an OSC sandwiched between 2 metal contacts of
different work functions. Shown are the relevant energy levels with respect to the VE position.
(b) If the barriers to charge injection are small enough, the work functions will reach
equilibrium at zero applied bias, preventing further injection. At forward bias, charge injection
from the electrode into the metal will proceed via a mixture of (c) Schottky thermal emission
into energetically disordered states at the interface, and (d) Fowler-Nordheim quantum
tunnelling. Figures (c) and (d) have been adapted from reference [31].

Of great importance to device fabrication is the use of electrodes that closely match the HOMO
and LUMO levels so as to reduce ¢* and ¢ At barrier values of < 0.3 eV, charge transport is no

longer limited by the injecting interface, but by the low conductance of the bulk 0SC, i.e. it is
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bulk-limited. In this scenario, the contacts are said to be ohmic and charge is easily injected, but
begins to accumulate in a region close to the injection interface. This wall of space charge
enhances the internal electric field in the middle of the device, but also begins to screen newly
injected charge at the interface to this internal field, reducing its effect. The device is now
operating under the space charge limited current (SCLC) regime and the current is dependent

on the thickness of the OSC d as well as its mobility 4 dielectric constant g-and Vp:

2

Iscre = gﬂgogr? 1.10

where & is the permittivity of free space and V= V,,, - Vs Equation 1.10 is known as both
Child's Law and the Mott-Gurney equation. The importance of SCLC for device performance is

such that its derivation merits an overview; this is given in the next section.

1.5.1. Space Charge Limited Current

Equation 1.7 assumes the absence of trap states at the interface and in the bulk material.
Furthermore, it assumes that g is independent of £ i.e. it is not influenced by the Poole-Frenkel
effect. Taking into account both of these effects was the subject of Murgatroyd's 1970

publication from which the following derivation follows[37.

Given the presence of trap states, the proportion of the free charge density prover the trapped

charge densities p;is therefore:

Yo
O=—"—, 111
Prtp
with the current density given by:
S=pp L 112
From Poisson's equation, the field due to the trapped and free charge densities is given by
d_F _ pf +pz
dx £ ¢, : 1.13
Combining equations 1.11-1.13 and integrating leads to
2Jx ) )
——=F"(x)-F"(0),
S = P ()= (0 14

where xis the distance from the injecting interface. As /{0) =0,
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2J 1/2
F:(—@ ] x”z, 1.15
/18;-80

which, when both sides are integrated with respect to x, gives

9 V?
J =—pue, g, —0.
scre T g HEKE, FE 1.16
where d=x. One sees that in the absence of traps, equation 1.16 reduces to equation 1.7. Charges
will spend the majority of their time in trap states, reducing the overall mobility of the system

which is expressed as an effective mobility!34:

Mo = O 1.17
Equating u.rwith equation 1.6 and substituting into equation 1.16 therefore gives the expected
injected current in a system with trap states influenced by the Poole-Frenkel Effect, i.e. the

Murgatroyd equation:

9 V2 ( \/—)
I u.scic = ggogr ?ﬂo expl0.896V F ). 1.18

Determination of the charge injection/transport regime that a system is operating under can be
found by plotting log /against log V'and determining the gradient m of the slope (corresponding
to the voltage exponent of equation 1.1.8); e.g. m = 2 if operating under the trap-free SCLC
condition (equation 1.10). Should u be field-dependent, the gradient will increase exponentially
with Vand, given the disordered nature of OSC materials, this is a likely scenario. The presence
of an exponential or Gaussian trap distribution in the energy gap will also increase the gradient.
In fact, the nature of the traps states present (for instance whether they are discrete or follow
some distribution34]) means that the dependence of / on V will not remain constant as V'is
increased during a device run and as different trap states are filled. This is observed in Chapter
5 in which the Murgatroyd equation is used to extract uy and g for a set of polymer MW

fractions.

These equations are usually only applied to one type of charge carrier (either holes or
electrons) and they are particularly useful in assessing the quality of a charge injecting
interface. Single carrier diodes are needed for this; for instance, if the charge injection
capabilities of a potential hole injecting interface are being analysed, the opposite electrode

must be chosen such that ¢ is very large to prevent electrons from being injected, too.

The appropriate use of electrical contacts for optimal charge injection is especially important
for the efficient operation of OLEDs where it can lower operating voltages and improve charge

balance. The next section deals specifically with how OLEDs work.
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1.6. Organic Light-Emitting Diodes

1.6.1. Operating Principle

Fabricating and understanding how OLEDs work involves combining the theory discussed
across sections 1.2-1.5. The most basic device resembles that shown in figure 1.7a in which a
visible-light emitting OSC functions as the emissive layer (EML) sandwiched between two
electrodes: one which operates as the anode with a work function @, closely matched to the
0SC HOMO and one which operates as the cathode with a work function @ closely matched to
the LUMO. These electrodes function to inject, respectively, holes and electrons into the OSC and
hence an OLED must operate under an externally applied forward bias. As stated in Section 1.5,
Vapp must be greater than Vg for injection to become energetically favourable. Figure 1.8a shows
the effect of V,,, on the energy levels of the materials and the ensuing injection of charge. Once
in the EML, holes and electrons will travel under the action of the applied electric field via the
mechanisms discussed in section 1.4. Electrons eventually interact with holes to form excitons
which may either be in the S; or 77 state (section 1.2). Once formed, excitons will diffuse
(typically over 5-15 nm[38-401) to lower energy sites before they recombine, emitting light via EL
as they do so (section 1.3). Of course, they may also recombine non-radiatively, lowering the

efficiency of the overall device.

(a)

Figure 1.8: (a) Energy level schematic of an OLED under forward bias showing the injection of
charges and the emission of a photon Av following the recombination of an electron with a hole.
(b) An OLED with multiple layers designed to optimise the charge injection and transport
properties of the device. Adapted from reference [1].

16



There are in fact several routes by which the efficiency of an OLED can be reduced. To begin
with, it is difficult to achieve efficient performance in an OLED consisting of just one OSC layer
due to the challenge of finding appropriately energy-matched electrodes for charge injection.
Furthermore, the EML will likely display asymmetric electron and hole mobilities which may
result in one charge carrier reaching the opposite electrode before it can partake in
recombination. OLEDs can therefore consist of several layers designed to facilitate charge
transport and injection: hole transport and injection layers (HTLs and HILs) between the anode
and the EML; electron transport and injection layers (ETLs and EILs) between the EML and the
cathode. These can also serve as electron and hole blocking layers, respectively. Multiple EMLs
may also be present to tune for a desired emission colour (for instance, white OLEDs may
contain red, green and blue EMLs), but this function may also be shared with any of the
transport layers. An example of such a device is shown in figure 1.8b. The deposition of such
multilayer devices can be easily accomplished using vacuum-deposited small molecule OSCs;
more difficult is attempting such devices using solution-processed OSCs as will be further
discussed in Chapter 4. The next section considers the factors influencing the efficiency of an

OLED.

1.6.2. OLED Efficiency
The internal quantum efficiency (IQE) of an OLED 7,z is the product of the fraction of injected

charges that are able to interact to form excitons 7., the fraction of these excitons that form in
the singlet state 75, and the fraction of these singlet excitons that decay radiatively via

fluorescent light emission 74

Mg = MexcsT g - 1.19
Note that this is the case for fluorescent emitters only as emission from the 77 state is not being
considered. Equation 1.19 essentially describes the number of photons created given the
number of carriers injected. However, various optical effects (such as reabsorption, internal
waveguiding and so on) may prevent these photons from successfully exiting the device. The
external quantum efficiency (EQE) 7zr describes the fraction of photons coming out of the LED

given the amount of charge injected into it:

Neoe = MoueigE 1.20

where 70.¢1s the fraction of photons created that have been extracted out the front of the device.

Both 7sand 777 are material dependent, though they can be affected by other organic species and
impurities that enable alternative decay pathways. It is generally assumed, using simple spin

statistics, that s ~25 %. Chapter 5 shows that 77 can be also affected by the processing
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conditions of the material as well as the polymer chain length. However, 7.« and 704 are more
dependent on the overall combination of materials and device design used[23l. Both of these
variables form part of the discussion throughout this thesis and so will now be discussed

individually in more detail.

1.6.2.1. Charge Balance
In equation 1.19, 7jex is also known as the charge balance factor of an OLED. A device that

exhibits balanced charge transport is one in which there is one electron injected for every hole,
and where both hole and electron mobilities are similar. In this way each injected charge can
recombine in the centre of the device. Any imbalances would otherwise result in excess (or
higher mobility) charge reaching the opposite electrode without taking part in exciton
formation as shown in figure 1.9131l. Here, the current density involved in recombination is given

as /» The total injected electron and hole current densities, /. and /;, are therefore given by:

J.=/.+/. 1.21

Ju=1. 41 122

where /.'and /, are the electron and hole current densities not involved in exciton formation.

The total current density /at each electrode is given by[31l:

J=]y+].=].+ ], 1.23

and the charge balance factor can be expressed as:

anode organic layer cathode

Y

&

=

Figure 1.9: Schematic showing the potential paths of injected charge carriers highlighting the
proportion that are involved in recombination and those which continue on to the opposite
electrode. Adapted from reference [31].
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J
nexc =
7 1.24

Ideally, 7.« = 1. For HyLEDs, early device configurations indicated a poor 7. = 0.04 due to
inefficient electron injectionl#ll. As will be discussed in section 1.8, poor charge balance is a
significant issue across many HyLED device configurations with much of the initial research

geared to increasing /. to the level of /.

1.6.2.2. Outcoupling of Light
As will be discussed further in Chapter 4, the number of interfaces and refractive indices n,

present in OLEDs can lead to the emitted light being modulated by internal optical interference
effects. Along with successfully being emitted out of the front of the device in the intended
direction, the internally generated photons can also become trapped, waveguided, edge-emitted
or coupled to plasmons due to proximity to the metallic electrodes/#?l. Even assuming isotropic
emission with no optical interference effects, Kim et al. calculated that the proportion of

outcoupled light could be approximated by:

2
Noue = 0-5”r,055 1.25

which, for a typical OSC refractive index n.osc of ~1.7, means that ~20 % of all internally
generated light is able to escape the device stack*3l. Demonstrations of devices with 7;,0z~100%
are now commonplace due to the use of materials that encourage the conversion of .57 excitons
to the 77 state for phosphorescence, or vice-versa for 100% fluorescent emissionl44-47l. This
means that 7., has become the limiting factor, particularly where 7,0z is 100%. Efforts to
improve 7. have involved employing nanostructured layers to disrupt internal reflection,
hemispherical layers, and influencing the direction of emitting dipoles through molecular
alignment(28424849], This latter method provides a convenient way of improving 77,.s without the
need for extra layers; encouraging the emission dipole to be parallel to the substrate plane (as
would be the case for polymers who have their chains parallel to the substrate) was calculated
to increase 770.: by 50%[4350. However, while inclusion of extra layers leads to greater device -
and, hence fabrication - complexity, the end results are striking: Reineke et al. report increasing
the 7zor of a phosphorescent device from 14.4% (33 Im/W) to 34% (90 Im/W) with the
addition of an index-matched glass substrate and hemispherical extractor outcoupling lens[28];
importantly for HyLED devices Lu et al similarly showed increases in EQE from 8.9 t015.1%

with the addition of a hemispherical lens [48].

Equation 1.20 offers one way in which the operating efficiency of an OLED can be characterised,

but, as it does not weigh the wavelength of the emitted light according to the sensitivity of the
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human eye, it is perhaps not the most practical measure. The next section briefly reviews the

various metrics used in characterising the performance of an OLED.

1.7. Characterisation of Light Emission
The human eye exhibits a non-linear sensitivity to light in the wavelength range of 400-700 nm,

being most sensitive at 555 nm and less so as the wavelengths extend into the UV and IR
regions. This is demonstrated by the photopic response curve (figure 1.10a) and the degree of
overlap between this and the spectrum of a light source provides an alternative, more useful,
measure of the source’s /ighting efficiency. The optical power of a light source is also called the
luminous flux ¢, and describes the rate of flow of luminous energy in all directions. It is
measured in lumens (Im) which takes into account the sensitivity of the eye according to the
photopic curve and 1 Im is defined as having a power output of 1/683 W at 555 nm. In the case
of directional light sources, it becomes more useful to describe the amount of flux travelling
through a given solid angle ), from the emission source. Such a quantity is the luminous
intensity ¢,; and is measured in candelas (cd), defined as the flux emitted per steradian. The

luminous flux can therefore be expressed as:

Pvr = Pu s, 1.26
These optical quantities can then be combined with the electrical performance of the emitting
OLED pixel to give efficiencies in terms of both characteristics. The power efficiency 7z
describes the light emitted over all solid angles per unit of electrical power, measured in Im/W.
From the definition of the lumen, the maximum possible 777z equals 683 Im/W corresponding to
a perfect overlap of the emitted spectrum and the photopic curve (though as the sole peak
wavelength of such a source would be 555 nm, it would be of limited use)[51]. One could also
describe the current efficiency 7¢r as the light emitted in a unit solid angle per unit of current,

measured in cd/A. These efficiencies are related as follows:

Npe = S n
PE — CE - 1.27
Vapp

A final useful measure is the amount of luminous intensity emitted per unit of surface area of
the source - the luminance Z,, measured in cd/mz2. This is analogous to the brightness of a source
and two figures of merit are 100 cd/m? and 1000 cd/m?; the first being the minimum required
luminance for displays and the second for general lighting applications. The experimental set-up
used for the characterisation of the diodes throughout this thesis measures the luminance from

which the efficiencies are then derived.
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Finally, it is useful to define absolute values for the colour of the emitted EL. A system was
devised by the Commission Internationale d'Eclairage (CIE) which assigns an x-y coordinate for
every visible wavelength. By definition, the response to the three-colour-sensitive human eye
photoreceptors across the red (X), green (Y) and blue (Z) parts of the spectrum are shown in
figure 1.10b. How colour is then perceived is due to the degree of overlap between the emitted

spectrum y,(A) and each of these functions[30l:
X, =[r.(A)x(2)d2

v, =[r,(A)¥(2)dz 1.28

7, = [

which are then used to calculate the chromaticity coordinates:
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Figure 1.10: (a) The human eye photopic response curve. (b) Human eye photoreceptor
responses to red, green and blue light. (c) The x-y chromaticity plot with important regions for
white, red, blue and green light indicated. All figures are adapted from reference [30].

These coordinates can then be plotted on the CIE's x-y chromaticity plot (figure 1.10c).
Knowledge of the chromaticity coordinates is vital when considering the applications of a light
source. For example, perfect white light has the coordinate (0.33, 0.33) with deviations from
this making the light redder and 'warmer' (typical of incandescent bulbs) or bluer and 'cooler’.

In Chapter 4, shifts to the EL are quantified using the x-y chromaticity system.

Having reviewed the optoelectronic processes of OSCs, the working principles of OLEDs and the
methods used to characterise them, we can now consider the development of HyLEDs as
reported in literature. The current state of the technology and the challenges that it faces will

now be considered in the next section.

1.8. HyLEDs

The initial motivation for HyLEDs was to create diodes that were more resistant to ambient
conditions than the standard diode structure. A source of instability in OLEDs comes from
needing a low ® metal as the cathode in order to efficiently inject electrons into the OSC LUMO.
These metals, e.g. Ca (¢ =-2.9eV), Mg (® =-3.7eV),Ba (® =-2.5eV) and Cs (¢ =-2.1 eV), are
highly reactive and therefore easily oxidise under ambient conditions. As most devices employ
indium-doped tin oxide (ITO) coated glass as the anode, the cathode forms the 'top' electrode
and therefore must be capped with a thick layer (100-200 nm) of a higher ® metal - typically Al
(® = -4.1 eV) or Ag (® = -4.3 eV) - to prevent corrosion. Unfortunately, this does not fully
prevent the ingress of oxygen and moisture through the cathodel52l. OLEDs can be further
hermetically sealed with various types of encapsulants, but these add to the processing
complexity of the OLED, hinder the flexibility of the device and ultimately still have a degree of
permeability to both oxygen and water[53541. The resulting degradation leads to the formation of

non-emissive areas ('blackspots') across the pixel which drastically impair device performance.

(a) (b)

Unreactive metal anode /

L Ve HIL/ATL 4 1
EL 4 EL
LT 5 / T moxeL
L ¢ ITO anode 7 ITO cathode 7
Transparent substrate 7 Transparent substrate 7
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Figure 1.11: Device schematics of (a) a standard top-cathode OLED and (b) an inverted HyLED.

It has been shown that HyLEDs can reduce the need for rigorous encapsulation layers by
replacing the low ® EILs with more environmentally stable metal oxide layers. In the majority
of cases, the layer order of HyLEDs is inverted with respect to most standard OLEDs, i.e. the ITO
becomes the cathode with the top electrode now serving as the anode (figure 1.11). The latter
needs to consist of higher ® materials - e.g. Au (& = -5.1 eV) - to inject holes into the 0SC
HOMO, but this feature also makes them more inert to ambient conditions. The HIL is also
typically a metal oxide thus doing away with the frequently used poly(ethylenedioxythiophene)
:poly(styrenesulfonate) (PEDOT:PSS) whose acidic nature is also suspected to be detrimental to

long-term device stability[55.

(a) 60000 T T T T T T T T T (b)100 e B e T B E
Lo e T T
D O U= A S R S o
400004 0 0 A 9 b .
e ! ! ! ! .‘ ! ! ! ! ! K ; ! ° : i
e ' ' | > i | !
S 30000 4 o o ° o | S o ¢
. !
8 e o * o | . O 404 | | | | | i | | ¢ -
€ 20000 | Lo ¢ Lo | L . ke | | Lo e ‘
1 ! ! ' | ! . ! ! b = ! ! ! ! ! ) ) )
g ° ) ¢ | | ] | | L. | | |
€ | L | X | | = 20+ | | | | A .
:E, 100004 . . e | @ e o - P b N B 8 o
= Lo e . ° s £ L e 6 8 M
ol o o ¢ ¢ o o | O of o e & ° 0 e ° 3 T
T T T T T T T T T T T T T T T T T T T T
o © A Sl D S ~N Q7 » \a & © ) © A < D S N Q2 o \a & ©
S A A R A A A 2 S R s G A R A G
Year Year
(C)GO s e e L A A
N T
= | Co ]
£ . L
g ' ' (]
& 304 ! N
g | e
S 20 o 6 | A
= ‘ A
L ‘ o v
o 104 | o . e . oA
3 : -
o . s 8 .
o ol ° ) e | 7 o o |

t

N
®
Yea

t t t t t t t t t
© A <o) D S Q% > \ » \J
S Q S S N N N N N ~
¥ ¥ ¥ ¥ P v oY v PP

2
005
=

Figure 1.12: Reported performance trends for HyLEDs between 2006-2015: maximum (a)
luminance, (b) 77¢5 and (c) ez Note that there is no standard for reporting device metrics, so
these figures only include those that have been reported[4156-96],

The advantage of using the inverted structure together with metal oxide injection layers (ILs)

was demonstrated by de Bruyn et al. who compared the appearance of a standard device of
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structure ITO/PEDOT:PSS/PF10TBT/Ba/Ag to an inverted device consisting of
ITO/ZnO/PF10TBT/Mo03/Au, i.e. where the PF10TBT was the LEP in both cases, but with the
PEDOT:PSS HIL replaced with MoOs and the Ba EIL replaced with ZnOI20l, Both devices were
operated continuously under ambient conditions and it took 19 hours for black spot formation
to manifest itself in the inverted devices; for the standard devices black spots were already
visible within 8 minutes of operation. Fukagawa et al. recently went further with their lifetime
comparison by also encapsulating both their standard and HyLED devices; after being stored in
air for 250 days, the HyLED showed no dark spot formation whereas these were already visible
in the standard device after 15 daysl>¢l. These demonstrations of improved stabilities very much

show the benefits of inserting metal oxide layers into OLEDs.

Figure 1.12 shows how luminance and efficiency values for HyLEDs have increased since the
first device was reported by Morii et al in 200619, Luminance values have gone up from 500
cd/m2%l to 53,400 cd/m2? 1571, ncz values up from 0.054 to 87.6 cd/A with the aid of
phosphorescent small molecules(¢3], and reported 77z values from 0.70951 to 49.9 Im/WI631, These
values compare very well with recent industry reports which put 7¢z values in the range of 75-

85 cd/A for green emittersl97l.

F8BT
I

I MoO,
+
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PP
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Figure 1.13: The mechanism of hole-assisted electron injection in HyLEDs as proposed by Bolink
et all*1l. (a) Holes are efficiently injected at the FBBT/Mo03 interface and then (b) accumulate at
the EIL/F8BT interface. (c¢) The increase in the potential drop across this interface allows for
electrons to then be injected. This figure is taken from reference [19].

Between 2006 and 2012 the main objective in HyLED research was to correct the highly
unbalanced charge transport found in most of the diodes. As the most popular HIL, evaporated
MoO3 had been shown to efficiently inject holes into the organic layer[#188l. On the other hand,
the poor energetic alignment between commonly used oxide EILs and OSCs would lead to large
(> 0.5 eV) electron injection barriers at the EIL/OSC interface. Consequently, simple HyLEDs
consisting of only one OSC layer sandwiched between an EIL and HIL are hole dominated
devices. Bolink et al. proposed the HyLED operating mechanism shown in figure 1.13 in which

hole charges flood the device when V,,, > Vz and consequently build up at the EIL/OSC
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interfacel1941]. At the same time, electrons accumulate on the other side of this interface and as a
result a large potential field forms across it. This reduces the width of the barrier allowing
electrons to finally tunnel into the OSC where they may recombine with holes. Having the
recombination zone (RZ) this close to an interface is not ideal; the large differences in energy
levels across interfaces as well as the likely presence of discrete trap levels and the nature of
excitons to diffuse to lower energy sites all increase the likelihood of non-radiative
recombination and dissociation. During this period then, different metal oxides were
investigated with the most successful being those that minimised ¢- whilst also blocking holes
from leaking through to the ITO cathode. Bolink et a/ demonstrated this through the use of
oxides with different £;values: ZnO (3.3 eV), HfO; (6.0 eV) and MgO (7.8 eV)[87]. With increasing
E, the VB would deepen (thus improving hole blocking) and the CB would move closer to VE,
and consequently 7¢zincreased from 1.3 cd/A for devices with ZnO to 3.3 cd/A for those with
MgO as the EIL. An alternative method to reduce ¢ was to modify the oxide surface with
chemical species that would induce dipoles pointing in the direction of the OSC. This would
effectively deepen the OSC LUMO with respect to the EIL CB and thus reduce ¢-. Examples of

such modifiers include Cs;C03[79.8890], self-assembled monolayers(8084 and Ba(OH)8l.

Much of the current interest in HyLEDs follows the demonstration of significantly improved
device efficiencies as a result of simply modifying the oxide surface with organic solvents[57.60] as
well as inserting thin insulating polymer layers such as polyethylenimine (PEI) and
polyethylenimine ethoxylated (PEIE)[6163l. Their use has resulted in the highest luminance and

efficiencies recorded in figure 1.12 over the 2014-15 period.

Beyond the insertion of multiple extra layers to achieve the highest efficiencies possible, there is
also much research being done on simple HyLED devices to investigate how the basic layer
properties and deposition conditions also influence the overall diode efficiencies. For example,
lower EIL deposition temperatures will improve efficiencies in the case of a nanoparticle ZnO
layer deposited via spin coatingl’?], but worsen them in the case of spray-pyrolysis deposited
ZnO0 layers/8!l. Throughout this thesis HyLEDs are employed in this manner to investigate the
effects of a nanostructured EIL (Chapter 3), as well as the effects of polymer layer thicknesses
(Chapter 4) and polymer chain length (Chapter 5) on overall device performance. The most
common metal oxide EIL throughout literature is ZnO whilst the green light -emitting polymer
poly(9,9'-dioctylfluorene-co-benzothiadiazole) (F8BT) is frequently used as the OSC layer;
though these materials do not lead to the most impressive efficiencies, HyLEDs with a basic
structure of ITO/Zn0O/F8BT/Mo003/Au are used as a standard. In the next section, the properties

of these materials will be discussed along with those of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
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(4,4'-(N-(4-sec-butylphenyl)diphenylamine)] (TFB) - another polymer used throughout this

thesis.

1.9. Materials

1.9.1. ZnO

Initial HyLEDs used TiO; as the EIL[4%], based on the success of the material in dye sensitised
solar cells. However, when both Bolink et a/l95] and Kabra et a/l93] separately showed superior
device performance with ZnO as the EIL (7¢zincreased from 0.18 to 0.34 cd/A and L, from 3021
to 9370 cd/m?2), this quickly became the standard to which all other EILs and device variables
were tested against. TiOz and ZnO both have similar £, values of 3.2-3.3 eV as well as similarly
quoted CB and VB values of circa -4.0 and -7.3 eV, respectively. However, the improved device
performance as suggested by Kabra et al. might be due to the lower n, of ZnO which may allow
for better light extraction, and its more polar surface compared to that of TiO, which resulted in

more homogeneous F8BT film formation[93l.

Figure 1.14: The crystal structure of ZnO showing (a) the terminating (002) planes and (b) the
hexagonal arrangement as seen from side on. Adapted from reference [98].

ZnO is a non-toxic and versatile material that may be deposited using a range of techniques,
with low temperature solution-processing from cheap precursor chemicals being a major draw.
The polarity mentioned by Kabra et all?3 is a consequence of the material's wurtzite crystal
structure in which Zn2+ and 0% ions are arranged hexagonally in alternating planes (figure
1.14). This gives rise to crystallographic surfaces of different energies and by adjusting the ZnO

growth environment, this property has been exploited to yield ZnO nanostructures with a wide
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range of morphologies (further discussed in Chapter 3)[%. Its interest for optoelectronic
applications is due to the material's inherent n-type conductivity arising from intrinsic defects
such as oxygen vacancies and zinc interstitials, but also as a result of accidental doping with
hydrogen during formation in chemical environments[199. The electronic properties of ZnO are
therefore highly dependent on the growth conditions. For example, the electron mobility has
been demonstrated to reach 205 c¢cm?/Vs in hydrothermally deposited ZnO bulk crystals,
whereas this was observed to be 130 cm?/Vs in thin films deposited via molecular beam

epitaxyf101],

In this thesis, all ZnO films are solution processed from solgels. A solgel consists of
organometallic colloids dispersed in a solvent that over time, through hydrolysis and
condensation reactions, crosslink to form a solid network through the solution (a gel)(10z],
Through the appropriate choice of precursors, it provides a method of creating high quality,
crystalline oxide thin films using low temperature processingl(103.104, Here, zinc acetate is used
as the metal precursor with 2-methoxyethanol as the hydrolysing solvent to create a dispersion
of Zn(OH).. A stabiliser of 2-aminoethanol is used to prevent the rapid precipitation of Zn(OH):
to ZnO when it is still in solution. Instead, this happens during the spin coating procedure
(Chapter 2) and the subsequent annealing step which also serves as a densification step and
removes the volatile organic components. The ability of forming highly oriented ZnO films along

the (002) direction is vital for the orientation of the nanostructures discussed in Chapter 3.
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Figure 1.15: The chemical structures of (a) F8BT and (b) TFB. (c) The optical energy levels of
F8BT and TFB. (d) The measured absorption spectra of F8BT and TFB (see Chapter 2). Inset:
the derivative of the absorption with respect to the photon energy to yield Eo, from the peak
positions as indicated by the dashed lines.

1.9.2. Conjugated Polymers
Both F8BT and TFB are block co-polymers derived from the blue-emitting LEP, poly(9,9-

dioctylfluorene) (PFO; also abbreviated to F8) - itself the subject of much research attention due
in part to the optoelectronic changes induced when the material transitions from a disordered
glassy phase to a more ordered phase where the backbone chains are parallel to the substrate

(the /4-phase). F8BT contains a benzothiodiazole (BT) unit along the backbone, while TFB

contains a triarylamine group (figure 1.15a and b). Both are extensively used in device
fabrication as the EML and HTL, respectively, and frequently combined within the same device
for superior results[3893105106] Along with their chemical structure, figure 1.15 also compares

their energy levels and absorption spectra.

1.9.2.1. F8BT
Concepts in HyLEDs have been predominantly tested using the green emitter F8BT, but it is also

widely used in PLEDs thanks to its high 77 of ~75% and solubility in many common organic
solvents. Charge transport studies initially seemed to suggest that, unlike many polymers, F8BT
exhibited superior electron mobilities over hole mobilities(197], but more recent work suggests
that it, in fact, exhibits ambipolar charge transportl1%8l. This finding has made F8BT further
attractive for light-emitting thin-film transistors where mobilities for both holes and electrons
were found to be in the range of 0.7-2 X 10-3 cm?2/Vsl109.110], [nitial assumptions about its
superior electron transporting properties might have been due to poor hole injection into the
F8BT layer as a result of its deep HOMO level of -5.8 eV, which would give ¢* ~ 0.6 eV with an
ITO/PEDOT:PSS contact.
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Figure 1.16: (a) Adjacent F8BT chains may pack such that identical units are side-by-side or
such that F8 units are next to BT units. Adapted from reference [111]. (b) The monoclinic unit
cell of crystalline F8BT highlighting the significance of the parameters with respect to the F8BT
units. (c) The clattice direction consists of four F8BT chains stacked on top of each other with a
separation of 4.18 A. Adapted from reference [112].

Due to its widespread use F8BT has been the focus of intensive fundamental research into the
origin of its optoelectronic properties. Computational studies have shown that electrons are
strongly localised on the BT unit as it has a LUMO 1.56 eV deeper than that of the F8 unitl113].
This leads to highly anisotropic charge transport with holes being able to travel relatively
efficiently along the backbone, whereas electrons have to hop between units on adjacent
chainsl!14l. Experimental studies have shown that the polymer exhibits distinct crystallisation
and melting temperatures, and is stable against degradation during prolonged periods of
heating up to 300 °Clt15l. Furthermore, X-ray diffraction (XRD) studies have indicated a
monoclinic unit cell consisting of four chains preferentially arranged with their backbones
parallel to the substrate planel!!ll. Based on the localisation of electrons on the BT unit, whether
adjacent chains are aligned such that identical units are adjacent to each other, or whether BT
units are adjacent to F8 units (and whether the units are pointing in the same direction) has
been shown to have significant impacts on the transport and emission properties of the polymer
(figure 1.16a)(111114], For instance, Li and Lagowski show that electron mobility is enhanced
when the electric field is parallel to the 7=stacking distance and reduced when parallel to the
monomer planell!2l, Considering the hole-dominated nature of HyLEDs, encouraging the
formation of F8BT morphologies with enhanced electron mobility (i.e. with the mstacking
perpendicular to the substrate plane), may result in improved device performance by shifting

the RZ away from the EIL/F8BT interface once electrons have been injected.

Lattice Parameter, Significance Donley et al, A Eslamibidgoli and Lagowski
(hk) Lamellar, A ‘Hexagonal’, A
a(100) Monomer length 14.65 12.9 12.9
b(010) Side-chain spacing 5.3 15.8 11.3
c(004) m-stacking 4.18 4.7 12.0

Table 1.1: The dimensions for the monoclinic crystalline phase as reported experimentally by
Donley et all*11], and those calculated by Eslamibidgoli and Lagowskilt16l,

Throughout this thesis, XRD is used to investigate the structure of F8BT under different
experimental conditions and so this will be reviewed in detail. The unit cell proposed by Donley

et al. consists of a, b and c lattice dimensions of 14.65, 5.3 and 16.7 A, respectivelyl111l, The
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physical significance of these dimensions is shown in figures 1.16b and c and given in table 1.1
which gives the (hk/) notation for each and lists the 7-stacking distance as a quarter of the c-axis
length. However, the structure is still not clearly understood; upon annealing to the glass
transition temperature (7 i.e. the point at which the material transitions from glass-like to
rubber-like as the chains gain enough kinetic energy to rearrange themselves in the solid state)
Donley et al. noted that lower MW batches display an additional, larger unit cell not present in
higher MW material. Furthermore, the authors themselves acknowledge that the side-chain
spacing of 5.3 A is unexpectedly small. In modelling the charge transport through F8BT using
density functional theory (DFT) Li and Lagowski had to orient adjacent chains 21° with respect
to each other to match the previously reported experimental results (figure 1.16b)[112], Later,
the same group applied DFT analysis to confirm that the most energetically favourable manner
for F8BT to pack is with the polymer backbone parallel to the substrate (lamellar packing).
However, they also show that a second triclinic ‘nearly-hexagonal’ crystal structure is also
possiblel116]. Interestingly, for both arrangements, their simulations show that the b-spacing is
considerably larger than that recorded by Donley et al (table 1.1). The existence of a second
phase is confirmed from wide-angle X-ray diffraction measurements by Faria et al who note the
appearance of a helical phase at temperatures > 7, though the authors do not assign physical
parameters to the observed peaks(!17l. They, however, do report reflections corresponding to
spacings of 16.0, 9.8 and 5.6 A in which the last value is assigned as the interplanar distance in
the lamellar phase, which is larger than that reported by previous groups. Faria et al compare
films of 4 pm and 250 nm thickness showing a higher degree of structural complexity in the
former attributed to slower solvent evaporation, and hence different structural kinetics. This
highlights how variability in experimental procedure may lead to a commensurate variability in
lattice spacing values and peak assignment across literature and casts some ambiguity over the

XRD discussion of Chapter 3.

Figure 1.15 shows that typical absorbance spectra for F8BT with the peak at ~465 nm
attributed to the main 7-m* transition. Chapter 5 provides a further in-depth review of F8BT's

optoelectronic properties with respect to its MW.

1.9.2.2. TFB
The importance of TFB lies in its use as a HTL/HIL in OLED devices due to its shallow HOMO

level of -5.3 eV and reported high hole mobilities of ~0.01 cm?2/Vs(!18l. From figure 1.15, it has a
peak absorbance at ~390 nm and an £,, = 2.99 eV (whereas F8BT £, ~2.48 eV). Its high LUMO
value of -2.25 eVI[105] provides a significant barrier to electrons leaking to the anode when it is
combined with F8BT whose own LUMO value is deeper at -3.3 eV38l. This large offset in LUMO

energies also acts as a buffer to non-radiative exciton decay and dissociation at the
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electrode/LEP interface and it is this particular property that Bailey et a/. recently identified as
being the likely reason for the significant increases in devices containing a TFB interlayer[119].
For a standard device of ITO/PEDOT:PSS/F8BT/Ca/Al, Kim et al reported an increase in 7rcz
(npg) from 0.9 cd/A (0.7 Im/W) to 6 cd/A (6 Im/W) when a thin TFB interlayer was inserted at
the PEDOT:PSS/F8BT interfacel38l. TFB is also commonly used as a blend with F8BTI120.121] and
this has yielded very high reported 7z values of 10-18 Im/W1105.122], [n HyLED devices, where it
is cast at the FBBT/Mo0Os interface, it too has yielded improved device performances as reported

by Kabra et al. (0.34 to 0.93 cd/A)[%31.

TFB was initially used in this thesis in order to mitigate a perceived charge imbalance in the
nanostructured HyLEDs discussed in Chapter 3. However, the difficulty in casting the TFB
directly onto the F8BT in these inverted devices proved challenging and Chapter 4 details the
steps undertaken to overcome this. The use of thick TFB layers as an optical tuning layer in

HyLED devices is also discussed in Chapter 4.

1.10. Summary

It is now 30 years since Tang and Van Slyke's groundbreaking work, OLEDs are quickly
becoming an ubiquitous technology particularly in the arena of handheld devices and display
monitors. They offer several advantages over traditional LEDs including more facile means of
achieving the desired display characteristics, better outcoupling of light and, importantly,
deposition of large areas using low cost, solution-processed means. The next few years will see
ongoing developments geared towards the general lighting market, potentially with a focus on
improving the lifetimes of each OLED component. In this way, the introduction of oxide
interlayers makes HyLEDs great contenders for achieving stable, longer lifetime devices with

simplified fabrication runs.

This chapter focused on the origin of the optical and electronic behaviour of OSCs and how it
applied to OLED design, operation and characterisation. A general overview of the main
challenges and developments in HyLEDs was presented along with a focus on the materials
whose properties are investigated throughout this thesis. However, as each of the results
chapters concern a specific investigation, a more focused literature review is given in the

introductions to Chapters 3-5.
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Chapter 2 - Experimental Methods

This chapter details the materials, experimental techniques and characterisation methods used
throughout the investigations in Chapters 3-5 including the general device fabrication
procedure. Procedures or particular steps that were only carried out under -certain
investigations are also mentioned here, but are discussed in greater detail in the relevant
chapter. All chemicals were purchased from Sigma Aldrich unless otherwise stated.

2.1. Spin Coating

All solution processed films in this thesis were cast via spin coating. In this process, a substrate
fixed onto a chuck is coated with a solution and is then made to spin at speeds from 100s to
1000s of rpm. Excess solution is ejected from the substrate whilst the remaining solution thins
and dries to leave a film of the dissolved solid. This is a readily available, facile manner in which
to create thin, uniform films reliably. The control of film thickness may be achieved by varying a
number of parameters and the evolution of the liquid film thickness A during the spinning

process is given aslll:

dh _ -2pa’h’

ES— _e’
i 3 2.1

where p is the solution density (% w/v), w is the angular speed (rpm), 7 is the viscosity (m2 s-1)
and e (m! s1) is the evaporation rate. This last parameter highlights the importance of constant
day-to-day laboratory conditions when performing this technique. Though related to g, it is seen
in Chapter 5 (figure 5.4) that the MW of a polymer specifically also influences the film thickness.

Throughout this thesis, however, control of film thickness was achieved by varying the solution

concentration (section 2.6.1).

2.2. General Device Fabrication

2.2.1. Substrate Cleaning

All devices were fabricated onto 12 X 12 mm? glass substrates patterned with a 12 X 8 mm?2
strip of 150 nm thick ITO in the middle. Substrates were purchased already patterned from
Psiotec (~14 Q/sq; used exclusively in experiments in chapters 3 and 4), and Thin Film Devices
(TFD) Inc. (~17 Q/sq; used exclusively in experiments in chapter 5) and were cleaned prior to
film deposition. Psiotec ITO was first rinsed in acetone to remove the photoresist before
undergoing successive 10 minute ultrasonication runs in acetone, isopropan-2-ol (IPA) and de-
ionised (DI) water (14-18 MQ). Substrates were dried under flowing N, and subjected to a final

10 minute UV-03 treatment. Concerns with potential water contamination lead to changes in
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substrate cleaning for the last project involving the TFD substrates. These did not come

packaged with a layer of photoresist. Therefore, films were first rinsed in DI water, sonicated for

10 minutes in DI water:detergent solution followed by a DI water rinse. Successive 10 minute

sonications in acetone and IPA followed and the films were finally dried under flowing N and

treated with UV-0s3 for 10 minutes. In all cases, the substrates were used immediately.

2.2.2. Planar ZnO Deposition

All light-emitting diodes and electron-only devices discussed, consisted of a planar ZnO EIL.

These films were cast from a sol-gel using an in-house procedure and published by Downing et

all2l, This procedure was as follows:

D

2)

3)

4)

5)

6)

7)

Equal molar amounts of zinc acetate dihydrate and 2-aminoethanol (as the stabiliser)
were dissolved in 2-methoxyethanol and made up to 0.75 M solutions.

The solution was sonicated until the solid precursors had completely dissolved. The sol-
gel was then aged for 24 hours before being used.

The solutions were then cast under ambient conditions onto just-cleaned substrates via
spin coating with the following parameters:

a) 12s wetting step at 500 rpm, followed by

b) 30s spinning at 2000 rpm.

Substrates were then annealed at 300 °C to remove volatile organic precursors for 10
minutes.

Steps 3 and 4 were repeated a further 2 times for a total of 3 coatings to reduce the
presence of pinholes.

A final anneal of 450 °C for 1 hour was applied with a Carbolite furnace in ambient
conditions to encourage film crystallinity predominantly along the (001) direction.
Finally, substrates were allowed to cool down within the furnace to 300 °C to prevent
shattering of the glass substrate and then removed to cool completely to room

temperature.

At these concentrations, the films exhibited thicknesses of ca. 130 nm. To obtain thinner films,

volumes from the stock 0.75 M sol-gel were diluted with 2-methoxyethanol according to

cVi=c/V, 2.2

where c and V are the concentration and volume, respectively, of the initial 7 and final £

solutions. Film thickness was observed to give a linear relationship with sol-gel concentration

(Appendix A, figure A.1(a)). Sol-gel solutions were discarded after one week.
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2.2.3. Polymer Solutions

Vials and magnetic stirrers used for polymer solutions were first cleaned using successive
double rinses of DI water, acetone and IPA and a final UV-03 treatment of 10 minutes; they were
used immediately. Polymers were weighed out in air and solutions were made up to the
required concentrations with anhydrous solvents in a glovebox with water and oxygen levels
maintained at <0.01 ppm. F8BT was dissolved in toluene whereas TFB was dissolved in
cyclohexanone. Solutions were left to stir overnight in the glovebox prior to thin film

preparation. All polymers were purchased from American Dye Source (ADS).

2.2.4. HyLEDs
Prior to casting any further layers onto the ITO/ZnO substrate, a small spot of the ZnO would be

etched away with 10% dilute nitric acid so as to allow electrical contact to be made to the ITO
anode. The spot would be immediately wiped with DI water to remove any excess acid which
may otherwise damage the ITO. From this point on, devices were completed in a glovebox with
water and oxygen levels maintained at <0.01 ppm. Here, the ITO/ZnO substrates would then be
annealed at 150 °C to remove any physisorbed surface water[3l. Depending on the project and

the device required, the general steps towards completed devices were followed:

1. F8BT would then be spin coated onto the ZnO from solution in toluene; spin parameters
and solution concentrations varied from project to project depending on the polymer
thickness desired.

2. Films would then undergo either a drying step at 90 °C for 20 minutes, or would be
annealed for a particular time above the polymer’s 7, or 7., temperature. Those
annealed above the 7, would then be quenched or slow-cooled at 5 °C/min back to room
temperature.

3. For polymer bilayer devices, the TFB layer would then be cast directly onto the F8BT-
coated substrates with spin parameters of 2000 rpm for 40s. The concentration would
be 10 mg/ml to give a ~40 nm thick film; this is varied in chapter 4.

4. After casting the polymer layer/s, the substrates would be transferred to an MBraun
thermal evaporator system for contact deposition. MoOx (10 nm) and Au (80 nm) would
be deposited at rates of 0.2 A/s and 0.1-0.6 A/s, respectively, at base pressures of 0.5-
1X10-6 mbar. A boron-nitride crucible was used as the source for the MoO3 powder (>
99.5%), whereas a tungsten boat was used for the Au (99.99%, Testbourne). Deposition

occurred via a shadow mask to give 6 pixels of 0.45 cm? on each substrate.

The polymer layer over the etched ITO would be mechanically etched and the substrates would
be stored in the glovebox during the testing period, typically within 24 hours of device
completion. Final device structures would generally be ITO/ZnO/F8BT/Mo0Ox/Au for single
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polymer diodes, or ITO/Zn0O/F8BT/TFB/Mo0x/Au for polymer bilayer diodes. A schematic

showing the overlap of the evaporated electrodes with the patterned ITO is shown in figure 2.1.

8 mm
(Patterned ITO)

Evaporated
electrodes

1 ]
A 1 : 1 : 12 mm
| |

Device areas
(0.45 cm?) il

12 mm

Figure 2.1: Top-view schematic of the device substrates used throughout illustrating the spatial
overlap of the evaporated electrodes with the patterned ITO layer.

2.2.5. Single-Carrier Devices
Fabricating single-carrier devices involves replacing one of the injection layers with another

material whose properties (ideally) completely prevent the flow of the charge facilitated by the
original layer. For example, an EIL would be replaced with an HIL meaning that the LEP is now
sandwiched by two HILs. By eliminating the injection of one sign of carrier, single carrier
devices provide a means to investigate the injection and transport of holes and electrons
through the device in the absence of recombination with the other carrier sign and thus assess

the quality of a given injection layer/OSC interface and the mobility (Chapter 1, Section 1.5).
Pre-cleaned ITO substrates were used for all single-carrier devices

2.2.5.1. Electron-only Devices
For electron-only devices, the MoOx/Au contact was replaced with a Ca(20 nm)/Al(150 nm)

electrode to give an ITO/ZnO/F8BT/Ca/Al diode structure. Ca (99 %) was evaporated from a
boron-nitride crucible at 0.2 A/s and Al (99.99 %, Kurt ]. Lesker) from an alumina-coated
tungsten basket at 0.3-1.0 A/s.
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2.2.5.2. Hole-only Devices
Here, the ZnO EIL was removed and replaced with a 25 nm PEDOT:PSS interlayer to give an

ITO/PEDOT:PSS/F8BT/Mo0Ox/Au diode structure. The PEDOT:PSS (Heraeus Clevios P VP Al
4083, Ossila), was passed through a 0.45 pm PTFE filter prior to use and dynamically cast by
pipetting directly onto the substrate spinning at 4000 rpm for 30 s. The films were dried at 150
°C for at least 5 minutes to remove residual water and then transferred to the glovebox to
deposit all other layers from F8BT onwards as in section 2.4. This PEDOT:PSS casting procedure

was guided by the supplier instructions/l.

2.3. Device Characterisation

2.3.1. Efficiency and Luminance Measurements
The completed devices were loaded into testing chambers and connected to an OLED testing rig

consisting of a Keithley 236 Source Measure Unit (SMU) and a Minolta luminance meter. The
voltage sweep was set from -4 V with the upper voltage limit selected to coincide to just after a
decrease in current efficiency was recorded; this would vary between device types, and would
prevent premature device burnout. The voltage sweep, light detection and efficiency
calculations were automated by a LabView programme written by Dr Xuhua Wang at the

Blackett Laboratory, Imperial College London.

2.3.2. Electroluminescence and Chromaticity Measurements
The EL spectra, where discussed, were always recorded after electrical testing. Diodes

connected to the SMU would be manually set to a voltage or current particular to the
experiment and positioned in front of an Ocean Optics S2000 Fibre Optic Spectrometer. The
distance between the emitting diode and the spectrometer was adjusted to give a strong signal
without saturating the detector. The spectra were recorded using the Ocean Optics software
which, based on the data recorded, automatically calculated the xy chromaticity values. Since
the set-up did not allow for fixed distance between the emitter and detector, all spectra were
normalised. In Chapter 4 (section 4.3.2), the EL spectrum is recorded as a function of angle from

the surface normal.

2.4. Optical Characterisation

2.4.1. UV-vis Spectra

A Bentham single-beam UV-vis system was used to measure the UV-vis response of thin films
cast on pre-cleaned substrates. The spectra were obtained in transmission mode using air as a

reference which was then converted to give the absorbance A:
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%T
A=-1In

where %7 is the transmission recorded as a percentage. If the film thickness d is known, the

absorption coefficient a can then be calculated:

oa=—.
d 2.4

For organic materials, extracting the optical band gap £; from the onset of absorption is
common practice. Alternatively, as 4 shows an exponential dependence on the photon energy
hvbelow Eg (the Urbach region), but a square-root dependence above E, (the Kane region) then
plotting the derivative of 4 with respect to the photon energy Av (i.e. d4/dAv) allows one to
easily identify Ezas the maximum gradient at the lowest energyl5l. This latter method does not
determine £, based on arbitrarily drawn tangents like the former method (or the more
commonly used Tauc plot method), has been previously applied to poly(arylenephenylene)sls],
and hence was the preferred manner to extract E; for TFB and F8BT here, and previously ZnO
during the Masters Report. Figure 1.15b (Chapter 1), shows that the polymer £, values

correspond exactly to those reported throughout literature.

2.4.2. Photoluminescence Spectra and PLQE
Photoluminescence (PL) spectra of polymer films were measured using a Horiba Scientific

FluoroMax 3 spectrofluorimeter. Substrates were positioned within an integrating sphere with
a holder fixing the substrate in the path of the excitation beam. The excitation wavelength A
would be set at the sample's peak absorption wavelength and direct detection of emitted
photons prevented with a baffle. Photoluminescence quantum efficiency (PLQE) measurements
were conducted according to the method detailed by de Mello et a/l”l and is defined as the total

number of photons emitted given the number of photons that have been absorbed:

Z(emitted)
":fﬁﬁﬁﬂﬁ 2.5
In order to calculate these parameters three separate readings must be taken: measurement (a)
records the spectrum of the empty sphere with no sample present (figure 2.2a); the second (5)
measures the spectrum of the sphere with the sample present, but away from the excitation
beam path (figure 2.2b); and the third (¢) measures the spectrum with the sample present and
directly placed in the excitation beam path (figure 2.2c). Scans are taken to also include the peak
due to the set A.xas shown in the examples for each of the three readings in figures 