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Abstract

A range of new materials for organic light emitting diodes (OLEDs) synthesised
in the Department of Chemistry at Durham University have been characterised
and electroluminescent devices containing these materials have been optimised.

High triplet oxadiazole based electron transport materials were tested in devices
blended with the host material poly(9-vinylcarbazole) (PVK). The materials ex-
hibit comparable performance to standard OXD-7 in electrophosphorescent de-
vices, while emission from exciplex devices indicate the new materials have higher
LUMO energies than OXD-7.

Single layer devices containing new sky-blue iridium (III) emitters were optimised.
The improved solubility of these emitters over Flrpic, the standard sky-blue emit-
ter, resulted in improved device efficiency and brightness due to reduced aggre-
gation, concentration quenching and self absorption in film, and higher radiative
yield. Derivatives of these new emitters, with emission shifted towards a deeper
blue, were characterised. Increased trapping by the PVK host led to a reduction
in the device efficiency for these materials.

Two series of iridium(III) emitters with emission tuned from green to red by
systematically substituted electron withdrawing or donating groups were charac-
terised. Photophysical properties of these emitters, including the solvatochromic
shift of photoluminescence spectra, correlate with theoretical values of the molec-
ular dipole moment, thus linking changes in chemical structure with device per-
formance.

Finally, white electroluminescence was demonstrated from single copolymers ex-
hibiting broadened blue-green intramolecular charge transfer emission due to the
interaction of fluorene (F) and dibenzothiophene-S,S-dioxide (S) units. Single
layer and multilayer devices were optimised, and white emission with good spec-
tral coverage and CIE coordinates of (0.35, 0.39) was achieved with the F/S
copolymer. The emission colour varies significantly with emissive layer thickness
and applied voltage. Addition of a thermally evaporated electron transport layer
resulted in improvement in both device efficiency and colour stability.
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1 Introduction

Organic Light Emitting Diodes (OLEDs) have in recent years found many commercial
applications in the electronic display industry. Mobile phones and digital media players
with active matrix OLED screens are now common and large-area television screens are
now on sale. Prototype devices boasting improved performance, larger area, thinner
profile, sometimes with flexible active areas, are regularly showcased at technology
exhibitions around the world.

Artificial lighting is another major area of interest for the development of organic
light emitting diodes, as a possible replacement for the incandescent light bulbs and
fluorescent tubes in widespread use today. Incandescent bulbs are inefficient, losing
much of the energy supplied to heat and other non-visible radiation. The emission
spectrum of fluorescent tubes or LED lighting may be poor compared to natural light
or incandescent light bulbs, and the corresponding colour rendering index may suffer
as a result. They can also contain materials harmful to health or the environment such
as mercury. The simplicity of colour tuning for a more natural white light emission
and the large area of solution processable devices, combined with potentially very high
efficiencies and low driving voltages make organic light emitting diodes a promising
candidate for use in lighting applications.

Additionally, there is much interest in the related field of organic photovoltaics,
where similar materials, physical principles and device architectures may be employed
to obtain a flexible, large area renewable energy source that is efficient, affordable and

simple to manufacture.



This chapter provides an overview of the history of OLED devices, from early
reports of organic electroluminescence in the mid-20th century, to the development
of efficient thin film devices in the 1990s and their present and future commercial
applications in the field of electronic displays and solid state lighting. An outline of

the structure and scope of this thesis is then provided.

1.1 History of organic electroluminescence

Observations of electroluminescence from organic materials have been reported since
the mid-1950s, when André Bernanose and co-workers at the Université de Nancy in
France applied intense alternating electric fields, with potentials of up to 2000 V, to
films of acridine derivatives [1,2]. In 1963, Martin Pope and colleagues at New York
University observed direct current electroluminescence above 400 V from 10 - 20 pm
single crystals of anthracene [3]. Helfrich and Schneider, working at the Canadian Na-
tional Research Council, demonstrated carrier injection into anthracene single crystals
from liquid electrodes resulting in light emission attributed to the recombination of
electrons and holes [4]. As high voltages were required, electroluminescence from these
thick organic single crystals had few practical applications.

Electroluminescence from polymer films was reported in 1983 by Roger Partridge
of the National Physical Laboratory in the United Kingdom [5-8], who observed blue
electroluminescence from a device consisting of a film of poly(vinyl carbazole) up to
2.2 pm thick. Although light could be observed from these devices at relatively low
operating voltages, commercial development was limited by low device efficiencies and

by the stability of the low work function materials used as the cathode. Low operating



voltages were also reported in 1982 by Vincett and co-workers at ICI and the Univer-
sity of Durham [9], who observed electroluminescence from 0.6 pm vacuum deposited
anthracene films which was visible at 30 V under normal lighting conditions and 12 V
in darkness.

In 1987, Ching W. Tang and Steven Van Slyke of Eastman Kodak developed a
bilayer structure device consisting of a hole-transporting layer of organic diamine and
light-emitting electron-transporting layer of 8-hydroxyquinoline aluminium (Alqs) de-
posited by thermal evaporation [10]. The device exhibited a comparatively high exter-
nal quantum efficiency of 1% and high brightness of above 1000 cd m~2 at a driving
voltage of less than 10 V, and was considered to be viable for practical use in display
applications. Interest in electroluminescent polymer devices was renewed in 1990 by
Jeremy Burroughes et al. at the Cavendish Laboratory in Cambridge, who reported
green electroluminescence from a 100 nm single film of poly(p-phenylene vinylene)
(PPV), formed after spin-coating of a precursor polymer [11]. The ease of solution
processing and simple device structure demonstrated that electroluminescent polymer
devices could be developed for large area display applications.

Since then, much research has been undertaken into device architecture, materials
design and fabrication techniques. For example, the important development of phos-
phorescent organometallic dopants facilitates light emission from triplet states such
that the internal quantum efficiency of doped devices approaches 100% [12]. The per-
formance, stability and lifetime of organic electroluminescent devices has improved to
the extent that they are now finding many commercial uses from display applications

to solid state lighting.



1.2 Applications of OLED devices

The interest in OLED technology is driven by the promise of better performance,
higher efficiency and simpler manufacturing procedures when compared to competing
technologies such as liquid crystal displays (LCD) or inorganic light emitting diodes.
For example, OLED displays require no backlight to function, reducing the need for
polarisers or colour filters that block a significant portion of emitted light and reducing
the drain on battery life of mobile devices. A thin device profile, limited only by
the thickness of the substrate and encapsulation increases the suitability for mobile
applications further. Devices using OLED technologies also potentially have a better
contrast ratio, lower turn-on voltages, full viewing angle, faster response times and a
larger range of colours than other display technologies [13,14].

Roll-up or wearable displays may be possible by using flexible substrates, for ex-
ample poly(ethylene terephthalate) (PET) [15]. Quick, cheap and easily scalable man-
ufacturing of such devices can also be achieved, by using a procedure based on inkjet
printing [16,17] which would not require high vacuum levels for thin film deposition.

The vast range of materials available through chemical synthesis influences the
properties of both device performance and the manufacturing procedure. Specific ma-
terials can take advantage of solubility or stability which aids processing and device
lifetime, and the mobility of charge carriers or the band gap of the material can be
modified to improve efficiency or tune the colour of light emitted.

As a result, in the past decade many commercial devices incorporating OLED

displays have been released to the consumer market. They are most commonly found



Figure 1.1: Photograph of the Active-Matrix OLED display of a Samsung Galaxy S3
smart phone taken using a Veho VMS-004 USB Microscope at ca. 400x magnification
showing the PenTile RGBG subpixel matrix. The screen is displaying a plain white
background.

in mobile devices with screen sizes of 140 mm (approximately 5.5”) or less, ranging
from smart phones (for example the Samsung HD Super AMOLED display pictured
in Figure 1.1) to cameras, digital media players and mobile gaming consoles. Tablet
computers with larger AMOLED displays measuring 20 cm (approximately 8”) have
also been released.

Ultrathin, large area television screens have been developed by manufacturers and
are now widely available in stores, with 55” curved OLED televisions produced by both
LG and Samsung on the market. Examples of OLED televisions showcased at recent
editions of the Consumer Electronics Show (CES) in Las Vegas are shown in Figure
1.2, including a flexible prototype from LG (left) that can bend from a flat screen
to a curved screen. Prototypes of truly flexible phones and displays have also been

demonstrated at trade fairs.



Figure 1.2: Left: photograph of a flexible OLED television prototype produced by
LG [18] displayed at CES 2014. Right: photograph of a curved OLED television
showcased by Samsung at CES 2013 [19].

1.2.1 Organic solid-state lighting

Artificial lighting accounts for approximately 20% of the total electricity consumption
in the developed world [20], and in recent years the replacement of traditional incan-
descent light bulbs with compact fluorescent lamps (CFLs) and inorganic LED lighting
has aimed to increase energy efficiency and save money. Incandescent bulbs have power
efficiencies of approximately 15 Im W~! and are very inefficient, converting only 5% of
the energy supplied into visible light [21,22]. The vast majority of energy supplied to
incandescent bulbs is lost as heat.

Incandescent bulbs have by now largely been replaced by more energy efficient light-
ing with longer operating lifetimes such as fluorescent tubes, CFLs and inorganic LED
solid state lighting. Fluorescent lighting is around 20 - 25% efficient and typically 60 -
100 Im W1, while white LED lighting can perform better still at approximately 50%
efficiency and in excess of 100 Im W' [22]. White OLEDs with efficient light outcou-
pling have been demonstrated in laboratory conditions with efficiencies comparable to

that of fluorescent tube lighting [23].



The quality of a lighting source is quantified by its Colour Rendering Index (CRI),
which measures how natural the colour of a range of standard colour samples appear
compared to a defined standard lighting source [24]. Incandescent bulbs have a CRI
of 100, while fluorescent lighting contains phosphors exhibiting sharp, narrow peaks
in the emission spectrum, leading to poorer quality light sources with a CRI typically
around 80. A typical white inorganic LED consisting of a blue LED exciting a yellow
phosphor has a CRI of around 75 [24], although higher CRIs of 90 or more can be
obtained by using a mixture of phosphors [25].

The colour of light emitted by organic materials is broad and can be easily tuned by
control of the chemical structure during synthesis. OLED lighting can mix several of
these emitters together resulting in a broad, continuous spectrum and high CRI values
above 80 - 90. In addition, the colour of light emitted can be tuned to provide ‘cooler’
or ‘warmer’ lighting depending on the market.

OLED lighting has other advantages over current lighting. Fluorescent tubes and
CFLs contain small amounts of mercury which is harmful to the environment if disposed
of improperly. LED lighting is more suited to point sources, while diffuse large area
lighting sources can be realised with organic materials. This has the added advantage of
OLED lighting not needing a luminaire, which causes significant losses in light output
from fluorescent tube lighting. OLED lighting also creates opportunities for more
innovation in lighting design with the possibility of creating ultrathin, transparent and
flexible light sources.

Currently there are no widespread commercial OLED lighting products on the mar-

ket, although demonstration models are available and prototype designs such as those



Figure 1.3: Photograph of a selection of OLED lighting demonstration panels produced
by Lumiotec [26].

in Figure 1.3 are regularly showcased at industry fairs. For example, both LG and
Konica Minolta have recently showcased flexible lighting panels, the latter having a

radius of curvature of 10 mm.

1.3 Scope of this thesis

This thesis presents work undertaken in the Organic Electroactive Materials research
group in the Department of Physics, University of Durham between 2009 and 2014.
In collaboration with researchers in the Department of Chemistry, a range of new
materials including electron transport materials, iridium emitters and single white
emitting polymers have been characterised and electroluminescent devices containing
these materials have been optimised.

The relevant background theory to the field of electroluminescent organic materials

is presented in chapter 2, while chapter 3 describes the experimental procedures utilised



during the course of this thesis from the fabrication and characterisation of OLED
devices to techniques for photophysical characterisation of thin films and solutions.

Chapters 4 and 5 deal with the optimisation of blue solution-processable OLED
devices and the characterisation of new materials including oxadiazole materials for
electron transport and both sky blue and deep blue iridium emitters. In chapter 4,
device testing of high triplet electron transport materials is presented, followed by
the optimisation of simple single layer OLED devices which contain new sky blue
emitting iridium(III) complexes where the ligands incorporate large branched aryl ring
substituents. Chapter 5 follows on from this work, characterising a range of new
sky blue and deep blue iridium(III) emitters with simpler alkyl, mesityl or carbazole
substituted ligands, along with further optimisation of the device structure.

Chapter 6 follows on from initial characterisation of a series of iridium(III) com-
plexes investigated as part of the MPhys research project carried out prior to this
work [27], where substituent effects are used to achieve colour tuning from green to red
and the effect of the transition dipole moment is investigated.

Finally, chapter 7 describes the characterisation and optimisation of single copoly-
mers incorporating fluorene (F) and dibenzothiophene-S,S-dioxide (S) units in mul-
tilayer devices for white light emission, with different polymers varying the relative
proportions of red, green or blue emitter and determining the effect of the S unit on
the colour of emission and the device performance.

The main conclusions of the work are summarised in chapter 8.
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2 Theory

The electronic and photophysical properties of organic molecules are important in un-
derstanding the processes involved in the operation of organic light emitting diodes.
This chapter introduces the concepts of bonding and conjugation in carbon based
molecules, from which the electrical and optical properties of these materials arise.
The nature of excited states formed after either optical or electrical excitation and
the transitions they may make within the electronic structure of the material are de-
scribed. Physical processes important to the functioning of electroluminescent devices
are discussed including mechanisms for energy transfer between molecules as well as
mechanisms for charge injection into active device layers and charge transport within
these layers. Finally, processes leading to quenching of the excited state that result in

non-radiative decay, and therefore a reduction in device efficiency, are outlined.

2.1 Bonding and conjugation

The basis of organic molecules is carbon, with atoms that can form four covalent bonds
with other atoms. Through organic synthesis, a vast range of different molecules with
widely varying properties can be realised. As well as small molecules, long polymer
chains can be formed through repeated bonding between monomer units. The electronic
and optical properties of organic molecules originate in the bonding properties of the
carbon backbone, in particular the interaction of multiple atomic orbitals resulting in
delocalisation of electron density. In this way, the properties of organic molecules can

be optimised through modification of their chemical structure.
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2.1.1 Atomic orbitals and hybridisation

Electrons are fermions with half integer spin, whose quantum state is described by a
complex wavefunction. The wavefunction depends on four quantum numbers, n, [, m;
and mg and as a result of the Pauli Exclusion Principle, no two fermions in a system
may share the same two quantum numbers. Electrons in atoms therefore progressively
fill up atomic orbitals starting from the lowest energy orbitals.

Atomic orbitals are denoted in spectroscopic notation by nl, where the principal
quantum number n describes the energy level of the orbital. The angular momentum
quantum number [ can take values from 0 to n — 1. Orbitals with [ = 0 are denoted
s in spectroscopic notation, and subsequent values of [ from [ = 1 are denoted p, d, f
and so on. For example, the lowest energy atomic orbitals are the 1s orbitals, followed
by the 2s and 2p orbitals. There are three degenerate 2p orbitals corresponding to
the three possible values of m;, which can take integer values from —[ to +I. Finally,
each atomic orbital can accommodate two electrons, as the spin angular momentum
ms takes two values of 1/2 and —1/2 for fermions.

Figure 2.1 shows a representation of the s atomic orbital and three degenerate p

12 4

Figure 2.1: Schematic of s and p atomic orbitals, where the atom is located at the
origin of the coordinate system. The s orbital is shown in a), while the degenerate p,,
py and p, orbitals are represented in b), ¢) and d) respectively.
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atomic orbitals, oriented along the x, y and z axes of a Cartesian coordinate system
with the atom located at the origin.

A carbon atom has six electrons and the corresponding electronic configuration of
the atom is therefore 1s?2s?2p?. There is one 1s and one 2s orbital, as well as three 2p
orbitals (with two occupied by a single electron) oriented perpendicular to each other
in directions that can be labelled as x, y and z. Depending on the arrangement of
bonding between a carbon atom and the surrounding atoms, there may be mixing, or
hybridisation, between the 2s atomic orbital and the 2p orbitals on the carbon atom
to form a number of hybridised atomic orbitals [1].

For example in methane (CH4), which consists of one carbon atom covalently
bonded to four hydrogen atoms, the 2s orbital on the carbon atom mixes with all
three 2p orbitals to form four sp® hybrid orbitals which have equal energy and are
equally spaced around the molecule. These hybrid orbitals, each occupied by one elec-
tron, are what form the sigma (o) bonds with the hydrogen atoms. The bonds are all
of the same length and strength, and the molecule exhibits a tetrahedral shape with
bonds separated by an angle of 109.5° as shown in Figure 2.2 a).

Ethene (CyHy), also known as ethylene, is the simplest example of sp? hybridisation
in carbon atoms. The bonding of ethene is shown in Figure 2.2 b). In this case, the 2s
orbital on the carbon atom mixes with two of the 2p orbitals, forming three sp? hybrid
orbitals and leaving the remaining p orbital intact. The sp? hybrid orbitals are oriented
in a plane with an angle of 120° between them and form single ¢ bonds by overlap
with orbitals on other atoms. The remaining p orbital has electron density above and

below this plane, and can overlap with a corresponding out of plane p orbital on a
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Figure 2.2: A simplified diagram
of the atomic and molecular or-
bitals involved in bonding for a)
methane, b) ethene and c) ethyne.
Hybridised orbitals are shown in
red, while p orbitals are shown in
green. For methane, four sp® or-
bitals are formed in a tetrahedral
configuration. In ethene, sp? hy-
brid orbitals in a trigonal planar
arrangement form o bonds with
other atoms while the p orbitals
form a 7 bond between carbon
atoms with electron density above
and below the plane. In ethyne,
the sp hybrid orbitals are arranged
linearly. Two 7 bonds between the
carbon atoms are formed by over-
lap of p orbitals, which complete
the carbon-carbon triple bond.

neighbouring carbon atom to form a pi () bond. The combination of one o bond and

one 7 bond forms a double bond between the carbon atoms.

Additionally, in systems such as ethyne (CoHs) (also known as acetylene), atomic

orbitals are sp hybridised. In this case, shown in Figure 2.2 ¢), the carbon 2s orbital

hybridises with just one 2p orbital to form two sp hybrid orbitals in a linear configura-

tion, which form ¢ bonds with other atoms. The remaining 2p orbitals are unaffected

and form two 7 bonds, completing the triple carbon-carbon bond.
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2.1.2 Conjugation

When two atomic orbitals overlap to form a bond between atoms, two molecular orbitals
are formed [1]. The example of two s orbitals forming a ¢ bond is shown in figure 2.3.
The overlap of the s orbitals forms both a ¢ orbital, through in-phase addition of the
individual atomic orbitals, and a higher energy ¢* anti-bonding orbital formed through
out-of-phase addition of the atomic orbitals. This contains a nodal plane where there
is no electron density between atoms.

Similarly, bonding 7 orbitals and anti-bonding 7* orbitals are formed from the over-
lap of p orbitals. Conjugation, or the interaction of adjacent p atomic orbitals resulting
in the delocalisation of electrons across part of the molecule, is the basis of electrical
conduction in organic molecules. The structure of organic materials synthesised for use
in OLEDs is usually conjugated over part of the molecule, for example along a number

of monomer units of a polymer or a ligand in an organometallic dopant.

1s 1s (e]

1s 1s c*

Figure 2.3: Representation of the formation of bonding and antibonding ¢ and o*
molecular orbitals by the overlap of s orbitals. In phase addition (a) results in formation
of a bonding ¢ molecular orbital, while out of phase addition (b) results in formation
of a higher energy ¢* antibonding molecular orbital.
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Figure 2.4: Representation of the formation of delocalised m molecular orbitals in
a benzene ring, an example of a conjugated system. Bonds to hydrogen atoms are
not shown, while ¢ bonds between carbon atoms are represented as a straight line.
Conjugation leads to overlap of the six out of plane p orbitals (left) to form regions of
delocalised electron density above and below the plane of the molecule (right).

The form of bonding that describes the carbon backbone in conjugated systems is
sp? hybridisation. Conjugation is most commonly achieved by alternating single and
double carbon-carbon bonds in a chain of carbon atoms, but other atoms with available
p orbitals such as nitrogen or oxygen can contribute to conjugation as well.

Figure 2.4 shows benzene (CgHg), an example of a conjugated system. Overlap
of sp? hybrid orbitals forms the o bonds between carbon atoms in the benzene ring,
while the neighbouring out of plane p orbitals overlap and form a region of delocalised
electron density above and below the plane of the molecule. Due to the continuous
overlap of p orbitals around the ring, all of the carbon-carbon bonds exhibit equal bond
lengths of 139.5 pm, which is between those expected for single (154.1 pm) or double
(133.7 pm) bonds [1].

In a polymer, conjugation may be broken by defects in the polymer structure or
twisting of the polymer backbone that disrupt the overlap of adjacent p orbitals. A

long polymer chain will consist of several distinct areas of conjugation, each acting

17



as a chromophore, instead of being conjugated over the entire molecule. The average
conjugation length due to defects varies from polymer to polymer, for example the
average conjugation length of poly(p-phenylene vinylene) (PPV) is approximately six
to eight monomer units, [2,3] and a Gaussian distribution of conjugation lengths in a
polymer sample is often assumed [4].

Two important molecular orbitals formed by this series of overlaps between p or-
bitals are the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO), often termed the frontier orbitals. In a simplified analogy
with inorganic semiconductors, the HOMO is comparable to the valence band and the
LUMO is comparable to the conduction band, although in reality localised states and
distortions of the molecular structure caused by the presence of free charges complicate
organic systems further.

An electron from the HOMO may be excited to the LUMO, while the absence of
an electron in the HOMO can also be treated as a mobile charge carrier, in this case as
positively charged holes. Excitations can also be introduced electrically via injection
of charges into the HOMO or LUMO from electrodes.

The gap in energy between HOMO and LUMO characterises the energy (and there-
fore the wavelength) of light emitted by a molecule, although in reality molecular vi-
brations and structural relaxations result in a broad emission profile as opposed to the
transition occurring at one single energy. Modification of the chemical structure by a
wide variety of chemical synthesis and substitution methods can alter the energy levels
of an organic molecule. The colour of light emitted can therefore be tuned, and other

desirable properties such as carrier mobility or solubility may be altered as well.
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2.2 Excited states

Excited states can be formed in organic materials by photoexcitation (such as absorp-
tion of a photon) or by electrical excitation due to the attraction of free charge carriers
injected on application of an electric field. This section describes some of the different
types of excited state that can be formed as well as how the spin state of the exci-
tation can affect the probability of a radiative transition and place limitations on the

efficiency of electroluminescent devices.

2.2.1 Excitons and excited states

The exciton is a bound quasi-particle consisting of an electron in the LUMO and hole
in the HOMO coupled by their Coulomb interaction. In materials with a low dielectric
constant where there is little electric field screening, such as organic semiconductors,
the exciton may be tightly bound. Excitons of this type are called molecular or Frenkel
excitons. The excited state is localised to a single chromophore, with a small separation
between the electron and hole of the order of 0.5 nm [3].

In contrast, in materials with higher dielectric constants such as inorganic semicon-
ductors, the electric field screening reduces the Coulomb interaction between electron
and hole, and the exciton becomes more weakly bound. These are called Wannier-
Mott excitons and have lower binding energies than Frenkel excitons, with the radius
of separation being of the order of 4 - 10 nm [3].

Excitons formed in organic materials are commonly either molecular Frenkel exci-
tons or charge transfer excitons. Charge transfer excitons are intermediate in separa-
tion between Frenkel and Wannier-Mott excitons, with the electron and hole located
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on orbitals on spatially separate parts of the molecule or two neighbouring molecules.
Experiments to determine the exciton binding energy in organic semiconductors result
in a binding energy of the order of 0.5 - 1 eV [5].

Bimolecular excited states can be formed due to an interaction between one molecule
in its excited state and a second molecule in the ground state forming an excited
state complex. If both molecules are chemically the same, the state is referred to
as an excimer. When the two molecules are chemically different the term exciplex is
used [6,7]. These species only exist in the excited state, while the ground state is
dissociative. Exciplexes may have charge transfer character if donor and acceptor type
molecules are involved. Excimers and exciplexes can be formed by photoexcitation and
may as a result be observable in photoluminescence spectra.

Electromers [8,9] and electroplexes [10,11] may be formed under electrical excita-
tion, so can be observed in electroluminescence spectra but not in photoluminescence
spectra. In these cases there is greater charge separation in the excited state, with one
charge carrier located on a donor molecule and the other charge carrier situated on a
second molecule.

In the same manner as excimers and exciplexes, electromer refers to the case where
both molecules are the same whereas electroplex refers to the case where both molecules
are different. These excited states are often at a lower energy due to the greater charge
separation than the molecular exciton, so the resultant emission is observed at a longer
wavelength.

Finally, polymers can aggregate with interactions between chains, causing the

ground state wavefunction to be delocalised over more than one molecule or poly-

20



mer chain as well as the excited state. These are known as aggregate states [12] and
are similar to dimer states. Aggregate states may be identifiable in absorption spectra,

distinguishing them from excimer states.

2.2.2 Polarons

The presence of extra charges on the backbone of a polymer or molecule leads to distor-
tion of the molecular structure caused by strong coupling of electrons and phonons, as
well as a field of polarisation surrounding the charge [13]. The charge and its associated
lattice distortions can be considered to be a quasi-particle called a polaron.

Polarons can be formed by both free electrons and free holes, and geminate polaron
pairs can be formed by correlated electron and hole polarons. Additionally, bipolarons
can be formed by two like charges coupled by molecular distortions [13].

Distortion of the molecular structure affects the energy levels of the molecule, and
therefore polaron states may occupy different energy levels situated between the HOMO
or LUMO levels of a material. Polarons can be generated in devices directly through
charge injection at an electrode under an applied bias or by introduction of charged
chemical dopants.

They may also be generated from optically excited excitons on application of an
electric field or excitation sufficient to dissociate the exciton into its free charges. Tran-
sitions involving polaron states can often be observed in optical spectra of the material

in question.
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2.2.3 Singlet and triplet states

When an excited state is formed in an organic material by charge recombination, it can
be either singlet or triplet in nature, where the terms refer to the spin multiplicities
of the excited states. There are four different ways in which the spins of two spin-half
fermions can be combined. Three of these have a total spin of 1, hence the term triplet
state, while the fourth has a total spin of 0, hence the term singlet state.

A particle with half integer spin may be either in the spin-up or spin-down state,
which can be represented as |1) and |]) respectively. When two of these particles
combine, there are two possible states describing the two particle system for when the
two spins are aligned in the same direction, namely |[11) and [{{). In addition to these
two states, there are two possible states to account for when the two spins are aligned
in opposite directions. These are \/iﬁ (It4) + [41)) for when the spins are precessing in
phase, and \% (I14) — 41)) for when the spins are precessing out of phase.

When the total spin of each of these states is determined, it is found that the |11),
|41) and \/Lﬁ (Itd) 4+ [41)) states have a total spin of 1. As there are three such states,
they are called triplet states. The remaining state of \/LE (It4) — |41)) has a total spin
of 0 and is therefore a singlet state.

In the case of charge recombination, there is statistically an equal chance of forming
each of these states when an excited state is formed, so it is expected that triplets and
singlets are formed in a 3:1 ratio. However only the singlet state undergoes radiative
decay readily, as the decay from a triplet state is spin forbidden, being a transition

from a state with a total spin of one to the ground state which has a total spin of
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zero. It would therefore be expected that 75% of the excited states formed within the
organic layer are triplets and are wasted, not producing useful light emission.
Phosphorescence (described further in section 2.3.4) refers to emission observed
from triplet states. By using phosphorescent dopants, as will be explained later in
section 2.4.3, the triplet excited states can be utilised more efficiently with internal
quantum efficiencies of such devices approaching 100%. Other processes such as triplet-
triplet fusion (section 2.7.1) can result in formation of singlet states and delayed fluo-
rescence [14]. Thermally activated delayed fluorescence (TADF), due to the thermally
activated up-conversion from triplet state to singlet state, is also a promising method

of achieving 100% triplet harvesting [15].

2.3 Photophysical transitions

A number of photophysical transitions and processes, both radiative and non-radiative,
may occur between the different states in an organic system. This section provides
a brief overview of the most important transitions, which may be summarised on a
Jablonski diagram [3,16]. A simple example of a Jablonski diagram is shown in Figure

2.5, where solid horizontal lines denote the electronic states of the system.

2.3.1 Selection rules

The transition from triplet to singlet states described in the previous section is for-
bidden. The selection rules governing which transitions are allowed or forbidden arise

from Fermi’s Golden Rule [17]
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Figure 2.5: A typical Jablonski diagram showing the photophysical processes that may
occur in organic molecules. S and T denote Singlet and Triplet states respectively,
while 0, 1 and 2 represent ground state, first excited state and second excited state.
Processes labelled are: A - Absorption, F - Fluorescence, P - Phosphorescence, ISC
- inter-system crossing, IC - internal conversion and NR - other non-radiative decay
processes. Heavy horizontal lines represent the energy levels while the lighter horizontal
lines denote vibrational modes.

Wes = (30) 110 (21)

which describes the rate of transition W;_,; between two different energy states |i)
and |f). In the above equation p is the density of states, and H’ is a Hamiltonian
operator that acts as a perturbation on the system. In the case of an optical transition
such as absorption this perturbation can be described by eE.r, the transition dipole
moment operator. Considering the quantum mechanical properties of the two states
|i) and | f) leads to a number of conditions, or selection rules, affecting the probability

of a transition between the two states.

24



Spin: The matrix element (f| H'|i) is non-zero when both states have the same
total spin, and hence in this case the transition is allowed. Transitions between states
of different spin (such as singlet and triplet states) are consequently forbidden.

Angular momentum: In a transition where, for example, a photon is emitted or
absorbed, the angular momentum of the electronic state must change correspondingly
to ensure that the total angular momentum of the system is conserved.

Parity: Orbitals which have the same phase after an inversion operation are de-
scribed as having even parity (or g, gerade) while those which change phase are de-
scribed as uneven (or u, ungerade). The matrix element is zero for transitions involving
electronic states with orbitals of the same parity. Therefore ¢ — u and u — ¢ transi-
tions are allowed, while ¢ — ¢ and v — u are forbidden.

Symmetry: The symmetry types of the electronic states and of the transition
dipole moment according to symmetry group theory determine whether the matrix
element of the transition is zero. In general, if the direct product of the integrand of
the matrix element contains the totally symmetric representation of the point group of
the molecule, then the matrix element is non-zero and the transition is allowed [18].

These selection rules determine whether a transition is forbidden and allowed, and
hence explain why, for example, emission from the transition between triplet and singlet

states is not readily observed for non-phosphorescent materials.

2.3.2 Absorption

A photon of sufficient energy has a probability to excite an electron from the ground

state to a vibrational level of an excited singlet state. The energy of the photon
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absorbed will depend on the energy gap between ground and excited states. Electrons
excited into the higher vibrational modes can then relax into the lowest vibrational
mode of that excited state by internal conversion, which is a non-radiative process
where the energy lost in relaxation is transferred, for example, to phonons.

A beam of light passed through a sample of material will decrease in intensity
according to the Beer-Lambert law [19], equation 2.2, which relates the intensity I to
the distance passed through the sample [, its concentration ¢ and the molar absorption
coefficient of the material e. The initial intensity of the beam incident on the sample
is denoted by Ij.

I=1y-107 (2.2)

This is often rearranged to form the expression for the absorbance or optical density
of a material A as shown in equation 2.3, which is the quantity commonly obtained in

measurements of absorption spectra.
I
A= —log,, — = ecl (2.3)
Iy

While absorption from ground state to a triplet excited state is not possible due
to the change in spin involved, triplet-triplet absorption may occur which involves the

excitation of an electron from a triplet excited state to a higher energy triplet state.

2.3.3 Fluorescence

Fluorescence occurs when an electron in the lowest vibrational mode of the first excited

singlet state decays radiatively with the emission of a photon whose energy depends
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on the energy difference between excited and ground states. The transition is allowed
according to quantum mechanical selection rules and thus occurs promptly on a short
timescale of the order of picoseconds to nanoseconds [3]. The decay may be to one
of the vibrational modes of the ground state, resulting in the vibrational broadening
of the fluorescence spectrum. As some energy has been dissipated by relaxation and
production of vibrations, the emission occurs at a lower energy and higher wavelength
than the original absorption spectrum.

The difference between the absorption peak and the emission peak is known as the
Stokes shift, and is a measure of the degree to which the structure of the molecule
relaxes upon decay of the excited state. A small Stokes shift indicates a rigid molecule
whose structure undergoes small distortions when excited, while a large shift indicates
a major change in the configuration of the molecular structure in order to minimise
the energy of the excited state, though this may be complicated by exciton migration.

Non-radiative decay routes to the ground state are also possible. These include
internal conversion, where the excitation energy is lost to vibrations of the molecular
bonds, as well as quenching caused by energy transfer to defects and dopants among

other processes.

2.3.4 Phosphorescence

Phosphorescence refers to emission of light from the transition between the triplet ex-
cited state and singlet ground state. Due to the spin-forbidden nature of singlet-triplet
transitions as described in section 2.2.3, triplet states have a long lifetime compared to

the singlet state, needing for example interactions with phonons or spin orbit coupling

27



to conserve spin. The lifetime of singlet states is of the order of nanoseconds or less,
while for triplet states the lifetime can range from the order of milliseconds to seconds
for some polymer systems [20]. As a result, phosphorescence is not easily observed in
photoluminescence spectra.

Triplet states may not be formed directly by absorption of a photon, but excited
states may undergo a non-radiative transition from a singlet state to a degenerate triplet
state in a process called inter-system crossing. The probability of both inter-system
crossing and radiative emission from a triplet excited state is increased where there
is strong spin-orbit coupling. This interaction between an electron’s spin and orbital
angular momentum results in the mixing of singlet and triplet character of excited
states, facilitating transitions between the singlet and triplet manifold. The spin-orbit
interaction is stronger in systems which contain heavier atoms and is exploited in
electroluminescent devices by the use of phosphorescent dopants with lifetimes of the
order of microseconds [20], as described in section 2.4.3.

In order to observe phosphorescence in photoluminescence spectra, samples must
usually be cooled to low temperatures which minimises the probability that the triplet
excited state migrates to a site where it may be quenched during its long lifetime.
Ensuring that the sample is free of oxygen is also necessary, such as degassing of
solutions or effective encapsulation of films. Room temperature phosphorescence may
be observed if the material is sufficiently isolated. The first excited triplet state is lower
in energy than the singlet in most organic materials, so the phosphorescence emission

spectrum will be seen at a longer wavelength than the fluorescence.
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2.4 Electroluminescent devices and phosphorescent dopants

There are a wide range of possible device architectures and materials that can be used in
the fabrication of organic electroluminescent devices. This section describes the basic
structure and operation of organic electroluminescent devices, as well as commonly
used materials including those for electrodes and substrate, and the factors involved
in their selection. Phosphorescent dopants are a widely used method of utilising the

triplet state and their properties and use in electrophosphorescent devices are outlined.

2.4.1 Device structure and materials

The basic structure of an OLED device consists of an organic emissive layer situated
between an anode and a cathode. When an electric field is applied to a luminescent
organic material, electrons will be injected into the LUMO at the cathode and holes
are injected into the HOMO at the anode. These charge carriers will move away from
the electrodes into the bulk of the material due to the applied electric field. Carrier
transport and injection will be discussed further in section 2.6. Recombination of the
charge carriers occurs, resulting in the formation of excitons or other excited states.
These can decay radiatively with the emission of a photon whose energy is dependent
on the energy gap between excited state and ground state.

Spin coating and thermal evaporation are the two most widely used methods of
depositing thin films of organic materials. Thermal evaporation is usually used for de-
position of small molecules, as well as deposition of cathode materials. Complex mul-
tilayered device architectures can be realised through sequential deposition of different
materials. Each layer can be functionalised for a particular purpose, with materials
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chosen for carrier blocking and transport properties in addition to those chosen for
their emission characteristics. Evaporated devices can therefore be optimised for effec-
tive transport and confinement of charges resulting in high efficiency devices. However
high molecular weight molecules and polymers tend to decompose when heated and as
a result are not suitable for deposition by thermal evaporation.

Spin coating is more commonly used for deposition of polymer films due to the
ease of solution processing and the ability to produce large area films, although small
molecules often form films with poor morphology on spin coating [21]. Formation of
multilayer structures is difficult as application of a new layer tends to dissolve the
previous layer. As a result, a single layer consisting of a blend of host and dopant ma-
terials is often used. Simple multilayer solution processable devices have been realised
by use of orthogonal solvents [22] or varying solubility of different molecular weight
materials [23].

Most electrophosphorescent devices fabricated in the course of this study use poly(n-
vinyl carbazole) (PVK) as a host polymer. PVK has been shown to be a good host for
triplet emitters, although it has been shown that the presence of triplet trap species may
limit its suitability as a host for blue emitters [24]. As PVK has poor electron trans-
porting properties, adding electron transporting materials such as 1,3,5-tris(1-phenyl-
1H-benzimidazol-2-yl)benzene (TPBI) [25] as an electron injection layer, or 1,3-bis[(4-
tert-butylphenyl)-1,3,4-oxadiazolyl|phenylene (PBD) or 1,3-bis(5-(4-tert-butylphenyl)-
1,3,4-oxadiazol-2-yl)benzene (OXD-7) as dopants to the polymer layer [26] dramati-
cally improves device efficiency. The chemical structures of these materials are shown

in Figure 2.6.
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Figure 2.6: Chemical structures of a) PVK, the host polymer used in most devices
in this work; as well as b) OXD-7, ¢) TPBI and d) PBD, which are widely used as
electron transport materials [27].

The choice of materials used for electrodes depends on the device architecture as
well as the energy levels of the organic materials used. The anode, in addition to being
transparent to allow the passage of light, has to have a high work function to closely
match the HOMO of the organic layer and aid the injection of holes. The cathode
must have a low work function to match the LUMO of the organic layer and aid the
injection of electrons.

Indium tin oxide (ITO) is commonly used as the transparent anode, due to its
high transmittance of light in the visible spectrum and low resistivity. However, the
surface of ITO films can be rough leading to inhomogeneities in organic layers and in
current flow. Additionally, ITO films are brittle leading to poor mechanical stability
of flexible OLED devices, and sources of indium are becoming increasingly expensive.

Therefore, alternative anode materials are being developed. These include, among
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Figure 2.7: The chemical structures of poly(3,4-ethylenedioxythiophene) (PEDOT,
top) and poly(styrenesulphonate) (PSS, bottom). PEDOT:PSS is commonly used as
a hole injection layer [28].

other proposals, transparent conductive oxides such as aluminium doped zinc oxide or
fluorine doped tin oxide, metal nanowires, carbon nanotubes and graphene [29,30].

A layer of poly(3,4-ethylenedioxythiophene) and poly(styrenesulphonate) (or PE-
DOT:PSS) is commonly used as a solution processable hole injection layer in OLEDs.
The structure of PEDOT:PSS is shown in Figure 2.7. The HOMO energy level of this
material (between 4.9 to 5.2 eV [31,32]) lies between that of the polymer (5.9 eV for
PVK [32]) and the work function of ITO (4.5 - 4.75 eV, [33]), reducing the potential
barrier for hole injection and improving the hole injection efficiency of the anode.

Low work function metals such as calcium and barium are often used for the cath-
ode. These materials oxidise easily on exposure to air and therefore a capping layer
of aluminium is often used in addition to encapsulation of the device to avoid degra-
dation. Other materials that are often used as part of the cathode include thin layers

(ca. 1 nm) of lithium fluoride or caesium fluoride.
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2.4.2 Device microcavity effects

In a standard OLED device, the presence of a reflective metallic cathode adjacent to
the organic layer can cause microcavity effects that affect the outcoupling of light from
the device.

The effective wavelength of light within a medium is reduced by a factor of n, the
refractive index of the medium. For example, PVK has a refractive index of 1.67, while
that of ITO is 1.8 - 2.0 and the substrate around 1.51 - 1.85, depending on the type
of glass used [34]. Considering the profile of the electromagnetic wave in the device, if
the emitter is a sufficient distance from the metal cathode that a node of the emitted
wave occurs at the organic-metal interface, there may be internal reflection of the wave
at that interface.

The light emitted within the device may therefore be coupled into different modes,
with some radiation being trapped and waveguided through the substrate or organic
layers, or along the interface between the organic layer and metal cathode, as well as
being outcoupled as useful light emission.

The internally reflected waveguided light can cause interference within the device
layers, distorting the outcoupled emission spectrum of the device as the distance be-
tween the emitter and the reflective electrode changes. This effect can also lead to a
shift in the colour and intensity of the emission spectrum as a function of the viewing
angle [35].

The relative proportion of light coupled into each mode also depends on the distance

between the emitter and the metal cathode. This results in maximum and minimum
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values of the fraction of outcoupled light, and consequently the external quantum
efficiency, as a function of the distance between the emitter and the reflective electrode
[36].

Varying the thickness of non-emissive layers such as charge transport layers can be
used as a strategy to alter the distance between the emitter and the reflective electrode.
Modelling software can be used to predict how factors such as layer thicknesses affect
both the electroluminescence spectra and the outcoupling efficiency of OLED devices

23,35, 36].

2.4.3 Phosphorescent dopants

In order to overcome the 25% limit on internal quantum efficiency that the ratio of
singlet to triplet states suggests, phosphorescent dopants can be added to the organic
layer to utilise decay from both singlet and triplet states.

These are commonly organometallic complexes, consisting of a heavy metal atom
surrounded by organic ligands. The platinum complex platinum octaethyl porphyrin
(PtOEP) was one of the first phosphorescent materials investigated, having been doped
into both an Alqs host [37] and a polymer host [38]. A wide range of organometallic
complexes of heavy metals such as ruthenium, platinum, osmium and europium have
been investigated, and iridium complexes have received the focus of much research in
recent years [20].

There is strong spin-orbit coupling in these complexes due to the presence of the
heavy metal atom. This interaction facilitates inter-system crossing between the singlet

and triplet states, resulting in the formation of excited states that possess mixed singlet
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Figure 2.8: A representation of the energy levels of a phosphorescent material doped
into a host polymer. Decay from the triplet level of the polymer is spin forbidden
but excited states transfer to the dopant molecule, where due to strong inter-system
crossing, singlet and triplet character is mixed.

and triplet character. As a result the triplet lifetime of the material is greatly reduced
to the order of microseconds [39,40].

As a result, phosphorescence is readily observable from these materials. When
singlet and triplet excitons are formed in the host, transfer of both types of excited
state to the phosphorescent dopant may occur and, in theory, all excitons formed will
decay radiatively leading to internal quantum efficiencies approaching 100%. This
‘harvesting’ of both singlet and triplet excited states by a phosphorescent dopant is
shown in Figure 2.8. Alternatively, the iridium dopant may act as a charge trap with
exciton formation on the dopant molecule as opposed to energy transfer from the host.

As well as excited state formation by transitions from organic 7 to 7* orbitals,
excited states in organometallic complexes can also be formed by transfer of a charge

carrier between the heavy metal atom and the ligand. These result in metal to ligand
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charge transfer states (MLCT) and ligand to metal charge transfer states (LMCT).
Strong MLCT states may enhance the effect of spin-orbit coupling, improving inter-
system crossing and the mixing of singlet and triplet character in the complex, hence
improving the efficiency of emission. In particular, relativistic effects in heavier 5d
metals such as iridium stabilise the MLCT states, thus increasing the effect that spin-
orbit coupling has on mixing the singlet and triplet state [41].

The majority of excitons will be formed on the host molecule and then transferred
to the dopant as indicated by the grey arrows in Figure 2.8. Mechanisms of energy

transfer between organic molecules are discussed in the next section.

2.5 Energy transfer mechanisms in organic molecules

The transfer of energy between molecules is important in understanding the migration
and transfer of excited states between host and dopant molecules within an organic
film. One simple example of this process is self absorption, where an emitted photon
can be re-absorbed forming another excited state if there is sufficient overlap between
the absorption and emission spectra of the molecule.

Two other prominent mechanisms by which energy transfer can occur are Forster
Resonant Energy Transfer (FRET) and Dexter electron transfer. Both of these phe-
nomena are radiationless but have different physical origins and operate over different
length scales, thus for some situations Forster transfer will dominate and for others

the primary process will be Dexter transfer.
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2.5.1 Forster resonant energy transfer

Forster Resonant Energy Transfer (FRET) is one method of radiationless energy trans-
fer from a donor to an acceptor molecule, the theory of which was first described by
Theodor Forster [42]. The mechanism of the interaction depends on resonance be-
tween the electric fields originating from the transition dipole moments of the donor
and acceptor, leading to the transfer of energy and therefore the excited state to the ac-
ceptor. The donor and acceptor molecules must be in close proximity, with a separation
typically of the order of ten nanometres or less [27].

At a separation distance r between a donor in an excited state and an acceptor in
the ground state, the rate of Forster energy transfer kr is given by equation 2.4 [42],
where 7p is the donor fluorescence lifetime and Ry is the Forster radius.

T <@)6 (2.4)

™D T

The Forster radius is defined as the separation between donor and acceptor at
which the efficiency of the process is 50%, i.e. half the energy from the donor is
transferred to the acceptor by the Forster transfer process. Expressing the rate of
Forster transfer kr as a fraction of the total decay rate 7, '+ kr of the donor (the sum
of the donor fluorescence decay rate and the rate of non-radiative Forster transfer)

gives the efficiency of Forster transfer as shown in equation 2.5.

kr 1
o 4+ kr 1+ (r/Ro)S

(2.5)
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With the expression for the rate of energy transfer in equation 2.4 substituted into
equation 2.5 for k7, it can be seen that when r = Ry the efficiency of Forster transfer
equals 1/2. The Forster radius can be calculated using equation 2.6 [16], where ¢p is
the fluorescence quantum yield of the donor molecule, n is the refractive index of the

material and Ny is the Avogadro number.

6 _ 9000¢p (In 10)x2
0 128754 N 4

/ OOFD()\)aA()\)A4 dA (2.6)

The integral term in equation 2.6 describes the spectral overlap between the nor-
malised emission spectrum of the donor molecule Fp(A) and the molar absorption
coefficient of the acceptor molecule as(\). The alignment of the transition dipole of
the donor relative to that of the acceptor molecule is denoted by x2, which is obtained
through equation 2.7 [42].

In this expression 67 is the angle between the transition dipole moments of the donor
and acceptor, fp is the angle between the donor dipole and the vector connecting donor
and acceptor, and 04 is the angle between the acceptor dipole and the donor-acceptor
vector.

k* = (cos O — 3cosfp coshy)? (2.7)

The value of this orientation factor is usually taken to be 2/3, which is the average
value of the relative orientation for random dipole orientations where dipoles are not

fixed and are free to rotate. Otherwise, 2

can take a value between zero and four [43],
where zero describes two dipoles oriented perpendicular to each other and four describes

the parallel alignment of dipoles.
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2.5.2 Dexter electron transfer

At even closer proximity between acceptor and donor molecules, such that there is
an overlap between the wavefunctions of the acceptor and donor, the transfer of an
excitation may occur through an electron exchange mechanism [44]. The rate of Dexter
transfer, kg7, depends on the spectral overlap integral J, the separation between donor
and acceptor Rp4 and the average of the van der Waals radii of the donor and acceptor

L as shown in equation 2.8 [44,45].

(2.8)

2
kgr o< Jexp (— RDA)

L

This process occurs at a shorter range than Forster transfer, occurring at a donor-
acceptor separation of the order of 10 Angstroms [27]. The basic mechanism of the
process is a direct exchange of electrons, where the excited electron in the donor LUMO
is transferred to the LUMO of the acceptor, while an electron in the HOMO of the
acceptor is transferred to that of the donor molecule, therefore transferring the excited
state from one molecule to the other.

Dexter transfer allows the transfer of both singlet and triplet states from donor
to acceptor. In contrast, as the ground state of the molecule must be a singlet state,

Forster transfer is more prominent for singlet states than triplet.

2.6 Charge injection and transport models in devices

During device operation, electrons and holes must be injected from the electrodes into

the organic layers. They must subsequently travel through the organic layers to the
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recombination zone where exciton formation can take place. This section introduces a
number of proposed mechanisms which describe the injection of charge carriers into an
organic semiconductor as well as their motion through the semiconductor layer. For
carrier injection the two main processes are Fowler-Nordheim tunnelling and thermionic
emission, while bulk transport mechanisms include space charge limited conduction and
variable range hopping between localised states.

These are not, however, the only mechanisms that have been proposed to explain
charge injection and transport in devices, and articles summarising these processes
have been published [46]. Although many of these models were originally developed
to describe the behaviour of inorganic semiconductors or insulators and their inter-
faces with metals, they have been widely used to describe the injection and transport

processes of polymer light-emitting diodes [47-49].

2.6.1 Carrier injection

The injection of charge carriers from an electrode into an organic semiconductor layer is
governed by the potential barrier formed by the mismatch between the work function of
the electrode and the energy levels of the organic material. There are two main mech-
anisms that describe the injection of charges at an electrode, firstly Fowler-Nordheim
tunnelling or field emission through the potential barrier, and secondly thermionic
emission over the potential barrier.

The process of field emission was described by Fowler and Nordheim in 1928 [50].
The potential barrier at the interface between the semiconductor and the electrode can

be modelled as triangular in shape, neglecting the image force effect that results in a
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lowering of the potential barrier. At low temperatures the charge carriers can tunnel
through the barrier from the Fermi level of the metal electrode into the semiconductor.

The current density J due to field emission is then given by [51]

A*T? [ qF 2 204gz5?g2
_ — 2.
J ¢B (Oék?BT) oXPp ( 3qF ’ ( 9>
where
drm k2
A = —m]zg 51 (2.10)

is the Richardson constant, T' is temperature, F' is the applied electric field, ¢p is
the height of the potential barrier, and « is a constant equal to 4wv/2m*/h.
Grouping together constant terms in equation 2.9, the current density can be ex-

pressed as

J o< F?exp (—%) (2.11)

where kK = 2a¢?3/2 /3q is a constant.

Therefore, it can be seen that a plot of In(J/F?) against 1/F will result in a
straight line in the injection limited current region if Fowler-Nordheim tunnelling is
the dominant injection mechanism.

Thermionic emission of a charge carrier over the potential barrier may also con-
tribute to charge injection. If charge carriers have sufficient energy, then under bias

there may be a net current J across the barrier due to Schottky emission. This process
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may be described by the Richardson law [51]

J = A*T? exp (—l{i—'}) . (2.12)

This law may be refined by considering the Schottky effect, where the presence of
a charge carrier in the semiconductor close to the contact induces an opposite charge
on the metal side of the contact temporarily. This leads to an attractive image force
resulting in a field assisted lowering of the potential barrier by an amount A¢p [51],

where

3

1/2
Adp = ( a ) FY? = BgF'/2, (2.13)

4meeq

The combined Richardson-Schottky law [52,53] then describes the current density

due to thermionic emission at a potential barrier taking into account image force effects.

%2 B S 1/2
= Z P! . 14
J ATexp( k;T)eXp<kT (2.14)

Carrier injection due to the Schottky effect should therefore result in a linear rela-

tionship between In.J and F/2,

For small potential barriers, the contacts can be considered to be Ohmic in nature
and carrier injection does not limit the current-voltage behaviour of devices. However
for larger potential barriers greater than approximately 0.3 to 0.4 eV, the current-
voltage characteristics of the device may be limited by carrier injection [47]. In partic-
ular, the interface between PEDOT:PSS (with a work function ranging from around

4.9 to 5.2 eV) [31,32] and a polymer such as PVK (with a HOMO level of around 5.9
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eV [32]) has a relatively high potential barrier for hole injection which may lead to
injection limited J-V properties.

The above models apply to generic metal-semiconductor contacts. Alternative
charge injection models have been proposed which aim to better describe charge injec-
tion into disordered systems such as organic materials, which include models based on

hopping mechanisms [54] and diffusion transport [55].

2.6.2 Carrier transport

Transport of charge carriers in organic semiconductor films may be due to both motion
through the conduction band (for example mobility of electrons in the LUMO) or by
hopping between localised states in the band gap. Disorder in organic materials results
in localised states and traps which have an impact on the transport of carriers as well
as the formation of excitons.

When the applied voltage is sufficiently low, the bulk transport conduction is Ohmic
according to the equation
14
d

J=qnp (2.15)

where p is the carrier mobility, n the carrier density at equilibrium and d the
thickness of the organic layer [56].
At higher voltages the current will be due to space charge limited conduction

(SCLC) of charge carriers in the conduction band. In the absence of traps SCLC
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current may be described by Child’s law (also known as the Mott-Gurney law) [57]

9 V2
J = Ry (2.16)

where €, is the relative permittivity of the material.

The theory can be extended by considering the presence of trap states in the ma-
terial. As traps are filled by space charges the quasi-Fermi level is shifted towards (in
the case of electron transport) the LUMO. This increases the effective mobility of the
charge carriers, dependent on the depth and density of trap states [47,58]. Assuming

an exponential trap distribution, the modified current density is given by [59]

Vm+1

J (2.17)

X d2m+1

where m = E;/kgT, E; being an energy characterising the distribution of trap
states.

In the case where only shallow traps are present, the ratio of free to trapped charge
is a constant independent of the applied voltage. The space charge limited current is
accordingly modified to [60]

9 V?

J = 59606#;? (2.18)

where 6 is the ratio of free to trapped charge. For deep traps, 6 will be voltage
dependent.
A further mechanism of charge transport is the Poole-Frenkel effect, where charge

carriers trapped in localised states may undergo field assisted emission from that trap
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state. Trap states may be modelled as a Coulombic potential well with lowering of the

potential barrier in an applied field by an amount [51]

qs 1/2
A¢p = (—) F'Y2 = BppF1/2, (2.19)

TEEQ

which is similar to the lowering of the potential barrier at a metal contact due to

the image force effect. The current density is thus modified according to

/
5PF_F12> (2.20)

J = Joexp< iaT

where Jy is the current density at low fields [52,53]. The current density properties
of the Poole-Frenkel mechanism will therefore be similar to that of Schottky emission,
resulting in a linear relationship between In.J and F'/2, but can be distinguished from
Schottky emission by the gradient of the linear plot which for the Poole-Frenkel effect
should be double that of Schottky emission.

Variable Range Hopping is a mechanism of charge transport between localised states
in the band gap of disordered semiconductors. More significant at lower temperatures,
charges may hop to states closer in energy to the localised state rather than directly to
the nearest neighbour, to which charge hopping may be less energetically favourable.

The conductivity is temperature dependent and is given by [61-63]

T\ /A
0 = 0pexp (—1—/4) (2.21)

where T /4 is a characteristic temperature which depends on the density of states at
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the Fermi level and the spatial extent of localised states. The above is for 3D hopping,
as the exponent depends on the dimensionality of the system.

Coulombic interactions between charge carriers lead to a Coulomb gap in the density
of states at the Fermi level. This results in a modified temperature dependence of the

conductivity at low temperatures given by [62,63]

T\ 12
0 = 0pexp (—1—/2) . (2.22)

In non-ideal organic films, surface states may be caused by defects at the interface
between the film and the electrode. These states may have an effect on the charge

transport characteristics of devices in addition to those mechanisms outlined above.

2.7 Quenching mechanisms in phosphorescent organic light
emitting diodes

While using phosphorescent dopants in organic light emitting diodes dramatically in-
creases device efficiency due to the added contribution of triplet excitons towards elec-
troluminescence, a prominent roll-off in device efficiency is often observed at higher
current density. Mechanisms that have been proposed as contributors to this marked
decrease in efficiency include triplet-triplet annihilation, triplet-polaron quenching and
dissociation of excitons due to the electric field.

The effect of these mechanisms on device efficiency is enhanced due to the fact
that triplet excitons have a longer lifetime than singlet and therefore the probability of

an exciton undergoing a quenching process is increased. Each of these processes also
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has a greater probability of occurring with increased current density or electric field
experienced within the device, thus accounting for the efficiency roll off observed in
phosphorescent organic light emitting diodes under these circumstances.

The relative impact each process has on efficiency roll-off is still uncertain. Triplet-
triplet annihilation has been proposed as the predominant method of quenching in
phosphorescent organic light emitting diodes [64], although other investigations have
identified triplet-polaron quenching [65] or exciton dissociation [66] as the primary

cause of efficiency roll-off.

2.7.1 Triplet-triplet annihilation

Triplet-Triplet Annihilation (TTA) is a bi-molecular interaction that takes place be-
tween two triplet excitons. Migration of triplet states due to Dexter transfer leads to
collisions between two such excited states, leading to nine possible spin states that can
result from such a collision. These form a singlet, triplet and quintuplet set due to the
multiplicities of each spin state [67], as shown below in equation 2.23.

Sn+ S0 (1/9)

T'+Th— T, +Ty (3/9) (2.23)
T+Ty (5/9)

Firstly, accounting for one out of the nine possible spin states, a collision between
two triplet excitons can result in the formation of an excited singlet state and a sin-
glet in the ground state, and thus one of the two initial excited states in question is
quenched. The subsequent excited singlet state can then decay radiatively leading to a

phenomenon called delayed fluorescence, which is fluorescence that occurs on a longer
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timescale than the prompt decay of singlet excitons, with a lifetime on the order of
magnitude of the triplet lifetime.

The second possibility is formation of a triplet excited state and a triplet ground
state, thus also quenching one of the initial excited states. This outcome accounts for
three out of the nine possible resulting spin states. The final outcome is the possibility
of forming quintet, or quintuplet, states which have a multiplicity of five. However
formation of these states is usually energetically unattainable, so this route would have
less of an impact on phosphorescence quenching and instead results in reformation of
the two initial triplet states.

The rate of interaction depends on the square of the concentration of triplet ex-
citons, which increases with increasing current density in a device. Therefore this
quenching of excited states is one of the mechanisms by which the efficiency of organic
light emitting devices can roll off at higher current density. As a result, aggregation of
phosphors is an issue for device efficiency, even in vacuum deposited films.

Similar bi-molecular interactions between excited states can contribute to quenching
of device efficiency. These include singlet-triplet annihilation and singlet-singlet anni-
hilation [68]. Singlet-triplet annihilation is the quenching of singlet states by triplet
states. The result of the annihilation of an excited singlet and an excited triplet state

is a higher excited triplet state and a singlet ground state.

S1+T11— T, + 5 (2.24)

Additionally, annihilation between two singlet excitons is possible and results in
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the formation of a higher singlet excited state and a singlet ground state.

S+ 51— Sn + S() (225)

These interactions involve formation of one excited state and one ground state
from two initial excited states, resulting in the quenching of an excited state. Due
to the short lifetimes of singlet excitons these processes only become a factor when
the concentration of singlet excitons is sufficiently large that they are able to interact

before they decay, usually only under high intensity pulsed excitation.

2.7.2 Triplet-polaron quenching

Triplet-Polaron Quenching (TPQ) involves a transfer of energy, primarily due to Forster
energy transfer, from an excited triplet state to a polaron A, a region of an organic

molecule carrying a charge [69].

T1 + AJr’i — SO + (AJr’i)* (226)

The rate of this quenching mechanism is proportional to the density of triplet ex-
citons, and assuming that triplet excitons are found predominantly on phosphorescent
dopant molecules, the rate of triplet-polaron quenching will increase slower than that
of triplet-triplet annihilation as the dopant molecule concentration is increased. Dop-
ing of electron transport materials to improve charge balance and therefore reduce the
concentration of hole polarons has been investigated as a method of reducing triplet-

polaron quenching [70].
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2.7.3 Exciton dissociation

During device operation an electric field is applied across the emissive layer of the
device. The presence of an electric field increases the rate of thermally assisted dissoci-
ation of charge pairs [66] and thus the quenching of excited states. As a field dependent
process, the effect of quenching increases as the voltage applied across the device is
increased. Triplet states are more tightly bound and therefore require a higher voltage
for dissociation.

Although some studies have proposed field induced exciton dissociation as a major
method of quenching in phosphorescent devices with iridium dopants at high electric
field [66], others have concluded that the process is not as relevant and that TTA and

TPQ are the predominant mechanisms [69].
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3 Experimental details

This chapter describes the experimental methods utilised during the course of this
thesis. Experimental techniques used for fabrication and characterisation of OLED de-
vices are discussed, followed by a description of the equipment used for photophysical
characterisation of materials including absorption, emission and quantum yield mea-
surements. Finally, the theory behind ellipsometry and the experimental procedure for

measurement of thin film thickness are both outlined.

3.1 Device fabrication

Electrophosphorescent OLEDs were fabricated using a simple solution processable
method. Firstly, glass substrates coated with Indium Tin Oxide (ITO) were patterned
and cleaned. Thin films of PEDOT:PSS and polymer emissive layers were subsequently
spin coated, followed by thermal deposition of a metal cathode and encapsulation of
the device. Device fabrication was carried out in a nitrogen filled glove box in a class
5000 clean room, except for devices with a Ba/Al cathode where the spin coating
of polymer layers was performed in air before being transferred to the glove box for

cathode evaporation.

3.1.1 Photolithography

Sheets of glass measuring 72 x 72 mm coated with 150 nm ITO (15 2/0) were purchased
from VisionTek. Photolithography was used to pattern the ITO such that each device

would ultimately consist of four identical pixels. S1813 G2 photoresist (Rohm and

%)



Figure 3.1: Left: photograph of the mask used for photolithography. Right: Diagram
of patterned 72 x 72 mm ITO substrate, where the unshaded area is where ITO has
been removed from the substrate. Dashed lines indicate where the glass is cut to obtain
nine identical 24 x 24 mm device substrates.

Haas) was spin coated (section 3.1.4) on to the ITO coated glass at 500 rpm for five
seconds followed by 3700 rpm for 30 seconds, and subsequently baked on a hotplate at
95° C for five minutes.

A mask (Figure 3.1, left) was placed over the substrate and exposed to ultraviolet
light (Spectroline EN-180L/F lamp) for 30 seconds. The exposure of photoresist to
ultraviolet light leads to breaking of bonds in the photoresist molecule, reducing the
molecular weight of the exposed photoresist and leading to increased solubility in a
developer solution. The substrates were immersed in developer solution (one part
Microposit 351 Developer, two parts deionised water) then rinsed, dried and baked on
a hotplate at 95° C for fifteen minutes.

After ensuring that all photoresist was removed from the edges of the glass, thus
removing the possibility of a conductive bridge of ITO between pixels, the substrate

was placed in a mixture of hydrochloric acid and nitric acid (20:1) for five minutes.
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This removed the I'TO coating that was not covered by the remaining photoresist. The
substrate was rinsed and dried before the remaining photoresist was washed off with
acetone revealing the patterned I'TO as shown on the right hand side of Figure 3.1.
The sheet of glass was cut into nine squares of 24 x 24 mm, with two 5 mm stripes
of ITO separated by 2 mm down the centre of each square. Combined with shadow
masking of the cathode during thermal evaporation, four identical and individually

addressable 5 x 4 mm pixels could be obtained.

3.1.2 Preparation of solutions

Solutions were prepared by measuring out an amount of material into a clean glass vial
using a Mettler AE240 balance with a readability of 0.1 mg. An appropriate amount
of solvent was added using Eppendorf calibrated pipettes of capacity 1000 uL or 100
pL. Solvents used included toluene and chlorobenzene (Romil Super Purity Solvent).
The solutions were left on a hotplate for at least an hour to mix at a temperature
of 30 - 50° C with magnetic stirring. Blends of materials were made as required, and

details of materials and concentrations used will be given in the relevant chapters.

3.1.3 Cleaning of substrates

It is important that the ITO substrates used for devices are cleaned thoroughly and are
free from any contaminants, dirt or other particles. Any contaminant on the substrate
would disrupt the homogeneity of any subsequent spin coated organic layer and lead to
non-uniform current flow though the device and localised heating of the organic layer.

This can affect the efficiency of the device, and also cause it to break down completely.
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After cutting into 24 x 24 mm squares, substrates were wiped with acetone and
isopropanol (IPA) with a clean room wipe to remove any markings and other material
left by the glass cutter. Substrates were placed in a Coplin jar with grooves to hold
them vertical and separate from each other. The jar was filled with acetone and placed
in an ultrasonic bath for five minutes. The process was repeated with IPA and finally
acetone again.

Substrates were dried with nitrogen and were placed in a UV-Ozone cleaner (Jelight
Model 42-220) for five minutes. This cleaned any organic residue on the substrates and
also had the effect of lowering the work function of I'TO, thus providing better energy
level matching between the anode and the HOMO of the organic layer and improving

the efficiency of hole injection [1].

3.1.4 Spin coating

Thin films of organic material were spin coated using a Laurell WS-400B-6NPP /LITE
programmable spin coater. Spin coating is a simple and low cost procedure that can
deposit thin films with large area and uniform thickness. Materials can be processed
in solution and high molecular weight materials such as polymers can be used as well
as materials that may decompose under thermal evaporation.

Four stages to the spin coating process have been identified [2]. The first is depo-
sition, where an excess of the solution is applied, covering the substrate to be coated.
This is followed by the spin up stage, where the substrate starts rotating and accel-
erates to the final spin speed. The solution flows to the edge of the substrate due to

radial forces and is thrown off the substrate when the forces exceed the surface tension
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of the liquid. Surface tension leads to formation of an edge bead, an area of increased
layer thickness at the edges of the substrate.

The third stage is the spin off stage, where the substrate is rotating at a constant
speed and remaining solvent continues to move to the edges in a series of wave fronts.
A thin, uniform layer of material is left behind on the substrate. The final stage is the
evaporation of the solvent, which occurs throughout the entire process, overlapping
with other stages. This process continues thinning of the film for the remainder of
the spin time, while any remaining solvent at the end can be removed by baking the
substrate on a hot plate after spin coating. Baking of the spin coated film in the glove
box is also used for thermal annealing or promoting cross linking of polymer chains.

A number of factors affect the thickness of films prepared by spin coating. These
include parameters of the spin programme such as spin time, spin speed and the accel-
eration to the final spin speed. Figure 3.2 shows the effect of these parameters on the
thicknesses of PVK films. The films were spin coated on Si/SiO, substrates and their
thicknesses were measured with an ellipsometer, which will be discussed in section 3.4.
Ambient conditions such as temperature of the solution and substrate, and the air flow
around the spin coater also affect film thickness. Although for each batch of films spun
the conditions should not vary greatly, there will always be some variation between the
thicknesses of films spun from the same solution at the same spin programme.

The effect of spin speed is shown in Figure 3.2 a). Six films were spun from a
17 mg/ml solution of PVK in chlorobenzene for 60 seconds under identical conditions
with variation in spin speed from 1000 rpm to 3500 rpm. As the spin speed increases,

the thickness of the film decreases from 81 nm at 1000 rpm to 56 nm at 2000 rpm.
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Figure 3.2: Effect of spin speed, time and acceleration on the thickness of spin coated
films of PVK. Increasing spin speed (a) reduces film thickness, but has little effect
above approximately 2500 rpm. The duration of spin coating (b) also has little effect,
as the variation of thickness is within the range expected for identical conditions. Faster
acceleration (c) also has the effect of reducing film thickness, although again the effect
is reduced above a certain value.

Above 2500 rpm, increasing spin speed has little effect on film thickness with consistent
thicknesses of 53 - 54 nm being obtained. An empirical relationship that film thickness
is inversely proportional to the square root of spin speed has been reported [3]. This
model does not fit the data shown particularly well, though at higher spin speeds the
longer time taken to accelerate to the final speed may be the deciding factor in this
case.

Figure 3.2 b) shows the change in film thickness as the spin time is increased from
six seconds to 90 seconds. As before, films were spun from a 17 mg/ml solution of
PVK in chlorobenzene, but at a constant speed of 2500 rpm. During the spinning
process the acceleration of the substrate reached the final speed after approximately
five seconds had elapsed, while interference fringes observed during redistribution of
the solution were not observed after approximately six seconds. Therefore, across the
range of spin times, the variation of all the film thicknesses are within the range that

would be expected if the films were spun under identical conditions.
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Figure 3.3: Effect of molecular weight, solvent and concentration on the thickness of
spin coated films of PVK. High molecular weight PVK (PVKH) spins thicker films
than a similar solution of low molecular weight PVK (PVKL), while using toluene as
the solvent instead of chlorobenzene also has the effect of increasing film thickness.

The final parameter that can be determined by the spin coater programme is the
acceleration, the effect of which is shown in Figure 3.2 ¢). All films were spun from a 17
mg/ml solution of PVK in chlorobenzene at 2500 rpm for 60 s. The acceleration settings
tested ranged from 4 to 25, where the lowest setting reached 2500 rpm in approximately
eight seconds while the highest setting reached the same speed in approximately three
seconds. For comparison, the acceleration setting used for the spin speed and spin
time tests was 11, near the middle of this range. Thinner films are obtained at faster
accelerations, although there is not much difference between the highest settings.

The solution that is used to coat a substrate has a major effect on film thickness in
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addition to spin conditions and programme parameters. Figure 3.3 shows the variation
of film thickness of three different solutions as the concentration of PVK is increased.
The three solutions used illustrate the effect of solvent used, in this case toluene and
chlorobenzene, as well as the molecular weight of the PVK used.

Increasing the concentration of the solution increases its viscosity and results in
larger film thickness. At higher concentrations, the film thickness increases linearly
with concentration. High molecular weight PVK (PVKH, MW 1,100,000 from Sigma
Aldrich) spins thicker films than a similar solution of low molecular weight PVK
(PVKL, MW 90,000 from Acros Organics), while using toluene as the solvent instead
of chlorobenzene also has the effect of increasing film thickness.

For the purposes of this thesis, solutions were dispensed onto the substrate from
a syringe using a 0.45 pum pore filter, and baked on a hotplate after spin coating to
remove any residual solvent. A layer of PEDOT:PSS (Clevios HIL) was deposited from
an aqueous solution and spun at 2500 rpm for 60 seconds and baked for three minutes
at 200° C. Polymer layers were subsequently spin coated at 2500 rpm for 60 seconds
and baked for ten minutes at 120° C. Full details of the polymer films used for specific
devices - such as their composition, thickness and solvent used - will be given in the

relevant chapters.

3.1.5 Thermal evaporation

Thermal evaporation can be used to deposit further organic layers as well as the metal
cathode. Two evaporation systems were used during the course of this project: an

Edwards metal evaporator for metal cathode evaporation only or a Kurt J. Lesker
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Figure 3.4: Photograph of the Edwards metal evaporator used to deposit the cathode.
The evaporation bell jar can be seen in the right hand side of the glove box, while the
control unit is outside the glove box on the far right.

Spectros II deposition system capable of depositing small molecule organic films as
well as metal films.

Edwards metal evaporator: The Edwards metal evaporation system, shown in
Figure 3.4, was used to deposit a metal cathode consisting of a 4 nm thick layer of
barium and a 100 nm capping layer of aluminium.

The main components of the thermal evaporation system are shown in Figure 3.5.
The materials to be deposited are placed in Molybdenum source boats (S27.005Mo,
purchased from Testbourne Ltd.) at the bottom of the bell jar, which is located in
a nitrogen filled glove box. A sample holder incorporating a shadow mask (shown in
Figure 3.6, left) is located above the source boats along with a mechanically operated
shutter to control the exposure of the samples to evaporated material. The combination

of shadow masking of the cathode and the patterning of the ITO anode results in four
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Figure 3.5: Diagram of the components of the Edwards vacuum evaporation system.
Key: 1 - Sample holder and shadow mask. 2 - Crystal sensors for film thickness
monitoring. 3 - Shutter. 4 - Evaporation source boats.

individually addressable pixels as shown on the right hand side of Figure 3.6.

Two quartz crystal film thickness monitors (Inficon) are located to either side of
the sample holder. As material is deposited on the surface of the crystal monitor, the
resonant frequency of crystal oscillation changes. This change can be used to measure
the thickness of the deposited film if the density and acoustic impedance of the material
being deposited are known.

Once the samples were mounted and the source boats were loaded with the appro-
priate material, the bell jar was pumped down to a vacuum of ca. 107% mbar using a
roughing pump (up to ca. 1072 mbar) followed by a turbomolecular pump. The low
pressure ensures that there are no contaminants present during the deposition process

and that the mean free path of evaporated molecules is much longer than the distance
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Figure 3.6: Left: photograph of the mask used during thermal evaporation of the
cathode. Right: diagram of a device showing how shadow masking of the cathode
(dark grey horizontal stripes) and patterning of the ITO anode (light grey vertical
stripes) forms four active pixels.

between substrate and source, resulting in a straight line path through the shadow
mask to the device.

Resistive heating of the source boat was used to evaporate the cathode materials. A
current was passed through the source boat, slowly increasing to ca. 3 A for barium and
4.5 A for aluminium, heating both the boat and the source material. This causes the
material to transform to the vapour state and move towards the substrate, condensing
on the surface.

The rate of deposition of material was kept low, at around 0.1 nm per second.
This promotes uniform film growth and protects against damage of existing layers by
incident molecules with high kinetic energy.

Lesker evaporation system: The Kurt J. Lesker Spectros II thermal deposition
system, shown in Figure 3.7, contains six evaporation sources used for organic materials

and three metal evaporation sources in the evaporation chamber. The chamber is
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Figure 3.7: Photograph of the Kurt J. Lesker Spectros II evaporator used to deposit
both small molecule organic layers and the metal cathode. The evaporation chamber
is located behind the glove box to the right, while the controlling computer is on the
left hand side.

pumped down to ca. 1077 mbar with a turbomolecular vacuum pump. The deposition
procedure can be run either manually or automatically using predetermined recipes.

The system allows for co-deposition of organic materials, i.e. simultaneous evap-
oration of two materials to obtain films consisting of both materials, for example the
fabrication of films of dopant material in a small molecule host. There is one Film
Thickness Monitor for each pairing of organic evaporation sources, as well as a fourth
for the remaining metal evaporation sources [4].

A Linear Rack and Pinion (LRP) movable arm can be used to transfer substrates
and masks between different shelves in the evaporation chamber. This allows for chang-
ing of the shadow mask without the need to break the vacuum.

Control of the vacuum, shutters, substrate stage rotation and evaporation sources
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Figure 3.8: Screenshots of the software used to control the Lesker evaporation system,
showing (left) deposition, vacuum and shutter controls and (right) monitoring of rate
of deposition with the SQS-242 program.

are performed using the computer software shown in Figure 3.8, as well as the moni-

toring of material deposition rate and thickness.

3.1.6 Encapsulation

Effective encapsulation of the device is important to protect the emissive layer from
oxygen or moisture that may quench emission or degrade the organic materials. After
removing the devices from the evaporation chamber, UV curable epoxy glue (DELO
KATIOBOND) was deposited onto the centre of the device. This was followed by a
clean 14 x 14 mm glass cover slide such that the glue covered the entire emissive area
of the device. Exposure to UV light (DELO Delolux 03 S) for three minutes hardened

the epoxy glue, encapsulating the active area of the device.

3.2 Device characterisation

Devices were characterised in a calibrated Labsphere LMS-100 10 inch integrating

sphere (Figure 3.9), which has an interior coating that reflects light emitted by a de-
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Figure 3.9: Photograph of the Labsphere LMS-100 10 inch integrating sphere used for
device characterisation.

vice diffusely such that the resulting measurement of the light source does not depend
on the direction of light emission. A bias was applied to devices using an Agilent
6632B DC power supply, controlled with a home written NI LabVIEW programme.
Figure 3.10 shows a screenshot of the user interface of this programme. The applied
voltage was increased in steps of 0.5 V from 0 V to a maximum of 20 V, with a hold
time of three seconds between steps. An Ocean Optics USB4000 fibre optic spectrom-
eter measured the electroluminescence emission spectrum of the device. The device
testing apparatus has been benchmarked with CDT, with good agreement between
measurements performed across both institutions.

A number of measures of device efficiency were calculated by the LabVIEW pro-
gramme, including external quantum efficiency, power efficiency (Im W~!) and current

efficiency (cd A™'), which will be outlined in section 3.2.1. Other data collected in-
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Figure 3.10: Screenshot of the home written LabVIEW programme used to record
device performance.

cluded electroluminescence spectra and their CIE coordinates (discussed further in

2

section 3.2.2), device brightness or luminance in ¢d m™* as well as current-voltage

data.

3.2.1 Measures of efficiency

There are a number of different measures of OLED device efficiency that are commonly
reported in the literature, which have been reviewed by Forrest et al. [5]. A number
of these quantities take into account the photopic response of the eye, which has its
highest value at a wavelength of 555 nm and describes the wavelength sensitivity of
an average human eye under normal levels of daylight (at lower levels of light, the
scotopic response applies to the human eye, which peaks at a lower wavelength than
the photopic response).

Internal and External Quantum Efficiency: The internal quantum efficiency

(I.LQ.E.) of an OLED device is simply a measure of how many photons are generated
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in the emissive layer for each electron injected into the device. However photons may
be reabsorbed or not outcoupled into the viewing direction (for example, by internal
reflection), and are therefore not observed by a detector.

The external quantum efficiency (E.Q.E.) has a similar definition to the I.Q.E. in
that it is a ratio of photons emitted (into the viewing direction, as light may also be
waveguided towards the edge of the device) to electrons injected, although it only counts
photons that are outcoupled from the device and observed by a detector. Measurements
need to be corrected for detector efficiency as well as the response of the integrating
sphere. The E.Q.E. does not depend on the response of the human eye. It has a
maximum value of 1, or 100% if expressed as a percentage, and can be calculated using

equation 3.1,
f Maet () dX

QB = 7 TS O e () AV (3:1)

where Iopgp is the current passing through the OLED device, Ige (A) is the mea-
sured photocurrent at the detector, f (\) is the amount of light emitted that is coupled
into the detector and 7ge (A) is the quantum efficiency of the detector.

A measurement of the E.QQ.E. in an integrating sphere assumes that the OLED
emission is Lambertian and requires a sunken device mount or the masking of substrate
edges to prevent measurement of photons waveguided out through the edges of the
substrate.

Luminous Power Efficiency: Also known as luminous efficacy, the power effi-

ciency is the ratio of luminous flux emitted by the device to the power supplied to it,
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measured in Im W~!. The luminous efficacy is determined by equation 3.2,

90 J g\ Laer (A) dX
pover = IotepV [ f(A) R(A)dN (3.2)

where ¢y is the maximum luminous efficacy of 683 Im W~! at 555 nm, the peak
of the photopic response curve (as 1 W of radiation at 555 nm has a luminous flux
of 683 lm, due to the definitions of the units involved). The calculation depends on
the photopic response of the eye g (A) as well as the responsivity of the detector R (\).
It is also possible to quote this as an efficiency based on the device performance as a
fraction of 683 Im W1,

Wall Plug Efficiency: The wall plug efficiency is another measure of the power
efficiency of the device, and is independent of the response of an observer. It is defined
simply as Porep/loLepV/, which is the ratio of the power of light emitted by the device
to the power applied electrically to the device.

Luminance or Current Efficiency: The final measure of OLED efficiency is the
current efficiency, given in units of cd A~!. The candela, the SI base unit of luminous
intensity, is defined in relation to the peak of the photopic response at 555 nm, taking
into account the wavelength dependence of the eye. The current efficiency of the device
describes how much brightness is achieved from the device compared to the current

passing through it, and is defined as

AL

Neurrent = 7,
IoLED

71



o CIE 1931 Chromaticity Diagram

e White (0.33, 0.33) -

0.8 Planckian locus

0.7
0.6 |

0.5

03 Figure 3.11: The CIE 1931 chromatic-

ity diagram.  Monochromatic light

forms the outer boundary of the dia-

gram. The equal energy ‘white’ point

is defined as (0.33, 0.33). The central

0.0 . . . . curve is the Planckian locus, describ-

0.0 0.2 0.4 0.6 0.8 ing light emitted as black body radia-
X tion at various temperatures.

0.2

0.1

where A is the active area of the device and L is the brightness or luminance of the

device in cd m™2.

3.2.2 CIE coordinates

One of the methods of quantifying the colour of light emitted by OLED devices is the
CIE 1931 colour space. Figure 3.11 shows the CIE 1931 chromaticity diagram, which
contains colours that are perceptible by the human eye. A colour may be represented
as an (z,y) coordinate, and a given coordinate can be achieved by combinations of dif-
ferent colours. The outer boundary of the diagram describes monochromatic radiation,
from blue in the lower left, through green at the top towards red in the lower right.
The Planckian locus describes black body radiation at a range of colour temperatures,

while the equal energy white point is located at (0.33, 0.33).
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Figure 3.12: Graph of the three CIE colour matching functions characterising the
chromatic response of a standard observer.

Three colour matching functions T (\), 7 (\) and Z (A) are used to characterise the
chromatic response of a standard colorimetric observer, which are plotted in Figure
3.12. These functions are based on a series of experiments and aim to describe the
average 1, g and b response of the human eye at a 2° field of view [6,7]. The products
of the emission spectrum and each colour matching function are integrated with respect

to wavelength as shown in equation 3.4. These give the three tristimulus values X, Y

and Z.
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Y = /WIQﬂNMdA (3.4)

The CIE coordinates x and y are then calculated from X, Y and Z using equation
3.5. Only these two values are needed to characterise chromaticity, as the z value can
be easily determined from z and y. It is also common to include Y, a measure of
the luminance of the colour, forming the xyY derived colour space. This can be used

to distinguish between two colours that may have the same chromaticity but differ in

brightness.
X
r= —
X+Y+ 7
Y
- - 3.5
YT Xyv+z (3:5)
4 1
Z = _— = — T —
X+Y+Z Y

The equal energy white point shown on Figure 3.11 is defined as (0.33, 0.33). The
colour of white OLEDs for lighting purposes however may lie around the Planckian
locus, which describes the light emitted by a black body with varying temperature.
Flexibility in organic synthesis can tune the colour of OLED devices to result in a
range of effective colour temperatures, which is advantageous as there is a demand for

a range of ‘warm’ and ‘cool’ lighting depending on the market [8].
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3.3 Photophysical characterisation

The following section describes some of the commercial spectrometer equipment and
methods used to characterise the photophysical properties of organic materials, in-
cluding absorption and photoluminescence spectra, as well as two methods used to

determine the quantum yield of materials.

3.3.1 Absorption measurements

Absorption spectra of solutions and thin films were measured using the Shimadzu
UV-3600 UV-VIS-NIR Spectrophotometer as shown in Figure 3.13, controlled with
UVProbe software. Samples in solution were measured using 10 mm path length cu-
vettes, of either optical glass or quartz, obtained from Starna Scientific. Thin film
samples were prepared by spin coating on 10 mm diameter quartz substrates. Cu-
vettes and substrates were cleaned in dilute nitric acid solution followed by further
cleaning in acetone and isopropanol.

A schematic of the spectrophotometer is shown in Figure 3.14. The light sources are
a D2 deuterium lamp for ultraviolet light from 185 nm and above, and a WI halogen
lamp for visible and near-infrared light up to 3300 nm [9]. The wavelength at which
the light source switches from one lamp to the other can be changed, with the factory
default setting at 310 nm. Along with a double monochromator, a resolution of 0.1 nm
can be achieved for the light source. A beam splitter consisting of a chopper mirror
splits the light source into two beams, one of which passes through the sample being
measured and the other passing through a blank reference sample. This consists of
a clean substrate if measuring absorption of a thin film, or a cuvette containing the
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Figure 3.13: Photograph of the Shimadzu UV-3600 UV-VIS-NIR spectrophotometer
used to measure absorption spectra.

solvent used if measuring absorption of a solution. A photomultiplier tube detects
transmitted light in the UV-visible region, while an InGaAs photodiode and a PbS
photoconductive cell are used for near-infrared light.

Before any measurements are taken, a baseline scan and auto zero are performed
to ensure that there is no absorption measured when there is no sample present. The
absorption of the sample, and the extinction coefficients of solutions, can be determined
from the change of intensity of the transmitted beam according to equation 2.3. The
reference beam passing through a blank sample is used to correct for absorption due

to the substrate, solvent or cuvette used.
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Figure 3.14: Schematic of the Shimadzu UV-3600 UV-VIS-NIR spectrophotometer
used to measure absorption spectra. The sample holder for a blank substrate or solvent
cuvette is denoted by A, while B denotes the holder for the sample to be measured.

3.3.2 Photoluminescence measurements

The Jobin Yvon Horiba Spex Fluoromax 3 shown in Figure 3.15 along with Datamax
software was used to measure photoluminescence spectra of materials. The equipment
can measure both photoluminescence emission spectra and excitation profiles of mate-
rials can be measured in solution and in thin film. The equipment can also, with use of
an integrating sphere, be used to measure photoluminescence quantum yields (PLQY)
of materials as described in Section 3.3.3.

Figure 3.16 shows a simplified schematic of the optical layout of the Fluoromax 3. A
150W Xenon arc lamp is used as the light source [10]. The source beam is focused onto
the entrance slit of a Czerny-Turner monochromator which uses a reflection grating to
separate the source beam into different wavelengths. The monochromatic excitation
beam is focused on the sample, and the resulting photoluminescence emission of the
sample is collected at 90° to the excitation beam. A R928P photomultiplier tube in
conjunction with an emission monochromator measures the intensity of the sample

photoluminescence at a particular wavelength, while a reference silicon photodiode
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Figure 3.15: Photograph of the Jobin Yvon Horiba Fluoromax 3 used to measure pho-
toluminescence spectra, along with the 10 cm integrating sphere for photoluminescence
quantum yield measurements.

located between the excitation monochromator and the sample compartment corrects
for the wavelength response of the light source. Slit widths for both monochromators
can be varied manually to improve the intensity of the signal, although this is at the
cost of reducing the resolution of the measurement.

By exciting the sample at a single excitation wavelength and varying the wavelength
of the emission monochromator, the photoluminescence emission spectrum of a material
may be obtained. Alternatively, an excitation spectrum may be measured by varying
the wavelength of the excitation monochromator and collecting emission at a single
wavelength, which can yield information about which of the transitions seen in the
absorption spectrum are involved in the excitation of the sample. They are useful for
choosing suitable excitation wavelengths to use in measurements of emission spectra

for example when measuring iridium complexes where m — 7* transitions may be the
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Figure 3.16: Simplified optical diagram of the Jobin Yvon Horiba Fluoromax 3 showing
the approximate arrangements of the arc lamp, monochromators and detectors relative
to the sample. Detailed components and optical paths of the monochromators are not
shown, along with the lamp power supply and instrument controllers. Figure adapted
from [10].

most prominent band in the absorption spectra but excitation is driven primarily by

metal to ligand charge transfer (MLCT) transitions.

3.3.3 Quantum yield measurements

The photoluminescence quantum yield (PLQY) of a material can be defined as the
ratio of the number of photons emitted to the number of photons absorbed by the
material. It is a measure of how much light is emitted from a sample compared to the

amount of light absorbed, and can be used with measurements of photoluminescence
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lifetime to determine non-radiative decay rates as shown in equation 3.6,

ky

q) = ———-
P e+ Ko

kT, (3.6)

where ®p;, is the quantum yield, 7 is the lifetime of the excited state and k, and
k., are the radiative and non-radiative decay rates respectively.

Two methods of determining quantum yields were used, the first being a compar-
ative method used for measuring the PLQY of solutions. The second is an absolute
measurement involving an integrating sphere which was used primarily for measuring
thin films, although the method can also be used to measure solutions. Both methods
involved use of the Jobin Yvon Horiba Fluoromax 3 to measure emission of the sample
as described above, and all spectra were multiplied by a calibration curve correcting
for the spectral response of the Fluoromax (and integrating sphere, if used).

Comparative method: The comparative method requires use of a reference stan-
dard of known quantum yield to which the material being tested is compared. Common
standards include 9,10-diphenylanthracene (DPA, ®p; = 0.95 in dilute cyclohexane so-
lution [11]), quinine sulphate (®p;, = 0.54 in 0.1M HsSO4 [12]) and Ir(ppy)s (Ppr =
0.4 in deaerated toluene solution [13]). Equation 3.7 is used to calculate the PLQY of
the sample being measured [14], where [ is the integrated intensity of emission, OD is
the absorption of the sample at the excitation wavelength, and 7 is the refractive index
of the solvent. The subscript .o denotes values for the reference material used.

772 ODref I
7]2 OD Iref

ref

® = D, (3.7)
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The concentration of the solution was kept low, with an OD of less than 0.1 at
the excitation wavelength to prevent any self quenching or self absorption effects. In
practice, many measurements were taken for a range of sample concentrations, with at
least five data points taken to ensure accuracy. A plot of I against OD yields a straight
line graph passing through the origin, and the gradient of this graph was taken as the
term I/OD in equation 3.7.

Solutions were thoroughly degassed in a Schlenk cuvette by repeated freeze-thaw
cycles to remove any oxygen that would quench emission. The solution was frozen
by immersing the bulb of the Schlenk cuvette in liquid nitrogen, before the air in
the Schlenk cuvette was evacuated using a vacuum pump and the stopper on the
cuvette closed. The solution was allowed to thaw, bubbling away any oxygen in the
solution. Repeated freezing, evacuation and thawing (typically three cycles) of the
solution ensured that the solution was thoroughly deaerated.

Absolute method: The absolute method used to measure PLQYs of thin films re-
quires a commercial fluorimeter and integrating sphere without the need for a reference
or laser excitation or CCD detection [15]. As it is not always possible to encapsulate
films, and the measurement must take place in air rather than a nitrogen glove box due
to the equipment used, the quantum yield values may be affected by oxygen quenching
of emission. Additionally, thicker films may experience self absorption or self quenching

effects, further reducing the PLQY. Quantum yields are calculated using equation 3.8.

[E(\)dA

@ p—
f -[blank (/\) d\ — f ]sample (>\> dA

(3.8)
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The absorption of the sample can be determined from the difference between the
integrated intensity of the excitation beam when a blank substrate is present Ipjank ()
and when the sample is being excited Isample(A). This can be used in conjunction with
the integrated emission resulting from excitation of the sample E()\) to calculate the

quantum yield of the film.

3.4 Ellipsometry

Thin film thickness measurements were obtained using a J. A. Woollam Variable Angle
Spectroscopic Ellipsometer (VASE), shown in Figure 3.17. Ellipsometry is an indirect
method of measuring optical constants such as the refractive index n, extinction coef-
ficient k£ and thicknesses of thin films. A model using optical constants and film thick-
nesses as parameters must be fitted to the measured experimental data. The equipment
consists of a xenon arc lamp and monochromator (HS-190) which generates a beam of
light of a known polarisation state incident on the sample to be measured [16]. The
beam reflects off the sample and passes through an iris into an analyser that measures
two parameters, ¥ and A, that describe the elliptical polarisation state of the reflected
beam [17]. A schematic of the general configuration of the Ellipsometer hardware is
shown in Figure 3.18. Ellipsometry is very sensitive to the thickness of a thin film, and
as it does not depend on the intensity of light reflected, it can be more accurate than
reflectivity methods.

The resulting polarisation state of the beam can be described as having p- and
s- components, where the p direction describes light where the electric field lies in

the plane of incidence, and the s direction describes light where the electric field lies
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Figure 3.17: Photograph of the J A Woollam VASE ellipsometer used for thin film
thickness measurements.

perpendicular to the plane of incidence (from the German Senkrecht, meaning perpen-
dicular). The parameters W and A can be related to the complex reflectance ratio p of
the reflection coefficients for s- and p- polarised light Es and ﬁp.
R, .
p === tan (¥)exp (iA) (3.9)
Ry
It can be shown by analysis of the Jones matrices of the system [17] that, for a
rotating analyser ellipsometer, the intensity at the detector Ip can be expressed as a

function of A, ¥, the azimuthal angle of the analyser A and the azimuthal angle of the

input polariser P to the plane of incidence as follows:

tan? U — tan? P 2tan W cos A tan P

I 1 2A
D& +tan2\11+tan2Pcos( )+ tan? ¥ + tan? P

sin (24) . (3.10)
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Figure 3.18: General configuration of ellipsometry hardware. A monochromatic, lin-
early polarised light source reflects off a sample. The resulting reflected beam is ellipti-

cally polarised and passes through an analyser that measures the resulting polarisation
state.

This can be rewritten as

Ip x 1+ acos(2A) + Bsin (24) (3.11)

where « and [ are Fourier coefficients that can be obtained from a Fourier transform
of the detector signal. This leads to equations 3.12 for ¥ and A in terms of «, 8 and
P, which can all be obtained from the detector signal and system alignment.
1+«
-«

15} tan P
V1= a2 [tan P|

tan ¥ = |tan P|

(3.12)

cos A =

Samples were prepared on Si/SiO, wafers with a known SiOs layer thickness, which
had been cleaned by the same procedure used for device substrates. The thin film to

be investigated was spin coated onto the substrate from the same solution and under
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the same conditions used for device fabrication.

The WVASE32 software is used to control the hardware, set experimental param-
eters and analyse the data. A screenshot of this software is shown in Figure 3.19. The
experimental procedure begins by mounting a sample on the central sample stage, held
in place by means of a vacuum. The sample stage is rotated and aligned using a Si
quadrant detector to ensure that the incident beam is normal to the surface of the
sample. A z-axis alignment is then performed to maximise the intensity of reflected
light incident on the iris of the analyser unit. Calibration of the system is required once
the hardware is initialised, in which case a calibration wafer is mounted and aligned
first instead of the sample. Calibration is performed in order to redetermine certain
operating values such as the analyser and polariser offset that may change slightly or
be a random value on initialisation of the hardware. After calibration and alignment of
the sample, a spectroscopic scan is performed where values of ¥ and A are measured
in a wavelength range of 400 - 1000 nm in 10 nm steps, and two angles of incidence of
65° and 75°.

Once experimental data has been collected, a model is built consisting of the silicon
and silicon dioxide layers, with known properties and thickness, and the unknown layer
to be measured. This is modelled as a Cauchy layer where the refractive index n is

described as a function of wavelength A according to

B C

where A, B and C' are constants used to parameterise the model. Expected values
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Figure 3.19: Screenshot of the WVASE32 program used to fit a model to the experi-
mental data.

of ¥ and A can be calculated from the estimated values of n, k and thickness used
by the model. A regression analysis is used to change the parameters of the model
iteratively in order to minimise the mean square error (MSE) between the model and
the experimental data. Once the process has yielded a minimum MSE, and the change
in MSE is within a certain limit for each further iteration, the model fitting is com-

plete and the film thickness and optical constants used to parameterise the model are
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4 New high triplet electron transport materials and

optimisation of single layer solution processable

blue OLEDs

In this chapter, devices testing new high triplet electron transport materials synthesised
in the Department of Chemistry at the University of Durham [1] are presented, as
well as the optimisation of single layer solution processable blue OLED devices. The
latter devices utilise new sky blue Flrpic derivative iridium emitters where the ligands
incorporate branched aryl ring substituents. Additionally, literature reports of electron
transport materials for polymer blend devices and sky blue dopants are reviewed, as

well as reports of high efficiency sky blue solution processable OLED devices.

4.1 Review

In order to fabricate highly efficient organic light emitting diodes, the use of good
electron transporting materials is important for balanced charge transport properties.
In particular, as the hole mobility of PVK is higher than that of electrons, using PVK
as a host requires additional electron transport materials for the fabrication of highly
efficient devices.

Electron transport materials are often included in the device structure as a separate
evaporated layer, which also acts as a hole blocking layer. For solution processable
devices electron transport materials are often blended in with the host and dopant

materials for ease of processing, although fabrication of multilayer devices with small
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molecule solution processable electron transport layers has also been reported [2].

Two common commercially available electron transport materials used in polymer
blends are 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl|phenylene (PBD) or 1,3-bis(5-
(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)benzene (OXD-7). The structures of PBD
and OXD-7 are shown in Figure 2.6.

Studies comparing the performance of PBD and OXD-7 in devices containing the
commercially available sky blue emitter Flrpic (iridium(III) bis[4,6-(difluorophenyl)-
pyridinato-N,C?]picolinate) have been reported. Yang et al. [3] fabricated single layer
devices with the emissive layer consisting of PVK + 40% OXD-7 or PBD + 10% FlIrpic,
and obtained higher brightness with OXD-7 as well as a higher device efficiency of 15
cd A=t for OXD-7 compared to approximately 7 cd A~! for PBD. Additionally a long
lived component to the phosphorescence decay was observed with PBD.

This was attributed to the lower triplet energy of PBD (2.46 eV [4]) compared to
OXD-7 (2.7 eV [5]) leading to triplet energy exchange between the electron transport
materials and Flrpic (with a triplet energy of 2.6 V). It was noted that the comparable
triplet energies of OXD-7 and Flrpic would still lead to some triplet energy exchange,
and that selecting high triplet energy electron transporting materials is important to
avoid this triplet harvesting.

Lee et al. [6] also fabricated single layer devices consisting of PVK doped with Flrpic
and either OXD-7 or PBD. They reported a device efficiency of 3.4 cd A=t for OXD-7
compared to just 0.4 cd A~! for PBD, confirming the findings of Yang et al. They also
fabricated devices with a separate evaporated layer of either OXD-7 or PBD, and found

that while the performance of multilayer OXD-7 devices was comparable with that of
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the blended OXD-7 devices, the performance of multilayer PBD devices was improved
by up to five times that of the blended PBD device by increasing the thickness of the
PBD electron transport layer. This suggests that separating the PBD from the blue
emitter reduces the energy transfer, improving efficiency.

As deep blue dopant emitters are developed, and as the triplet energy of OXD-7
is comparable to that of Flrpic, there is a corresponding need for high triplet electron
transport materials to avoid energy transfer. Reviews of new electron transporting
materials for OLED devices have been published in 2004 [7] and 2005 [8], with areas
of research commonly focusing on oxadiazole or triazole derivatives. The first half of
this chapter, section 4.2, describes the testing of a new range of high triplet energy
oxadiazole derivatives synthesised at Durham.

The studies summarised above are not the highest efficiency devices reported for
single layer PVK:OXD-7:FIrpic devices however, and it is clear that significant op-
timisation of device structure and emissive layer composition is necessary to achieve
highly efficient OLED devices. Improving on their initial reported value of 15 cd A1
for single layer OXD-7 devices above, Yang et al. attained a device efficiency of 18.2 cd
A~! by reducing the concentration of Flrpic to 5% and reducing the annealing time of
the emissive layer [3]. Emissive layer thicknesses were not reported for these devices.

Other reports of highly efficient PVK:OXD-7:FIrpic single layer devices include a
report by Wu et al. [9] of a 15.6 cd A~! device with a 70 - 80 nm emissive layer with
Flrpic doped at 10% and a Ba/Al cathode. Zacharias et al. [10] reported a device
reaching 17 cd A~! with a 75 nm emissive layer of PVK:OXD-7:FIrpic doped in the

ratio 67:28:5 and a CsF/Al cathode. This could be increased to 19.2 cd A~ with
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inclusion of a cross linkable hole transport layer.

Mathai et al. [11] reported a device reaching 22 ¢cd A™' with a 75 nm emissive
layer of PVK + 30% OXD-7 + 10% FIrpic and a CsF/Al cathode. Finally, Li et
al. [12] reported a 20 cd A~! by with a device structure consisting of a 75 nm layer
of PVK:OXD-7:FIrpic in the ratio 100:40:10 and a CsF /Al cathode. This device was
subsequently optimised to 26.5 cd A~! by inclusion of a poly(ethylene glycol) dimethyl
ether additive.

One final consideration in the fabrication of highly efficient solution processable
sky blue OLED devices is the use of Flrpic as the standard commercially available
material. Having been used primarily in devices fabricated by vacuum deposition,
FlIrpic has poor solubility in common organic solvents, which leads to aggregation in
thin film and increased concentration quenching.

The second half of this chapter, as well as chapter 5, describes the characterisation
of new sky blue iridium emitters with solubilising side chains in order to reduce this
aggregation and improve device efficiency. In this chapter, simple single layer devices
containing one of these new emitters are optimised, followed by a comparison of the

first series of emitters.

4.2 New high triplet electron transport materials

This section reports the initial device testing of a new group of diaryloxadiazole com-
pounds synthesised by Dr. Yonghao Zheng in the Department of Chemistry at the
University of Durham. These materials have a twisted chemical structure with the

intention of reducing conjugation thereby aiming to increase the triplet energy of the
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Figure 4.1: Chemical structures of the high triplet oxadiazole based electron transport
materials tested in this section [1].

material. The materials were compared to commercially available OXD-7 both in mul-
tilayer blue OLED devices with Flrpic as a commercially available sky blue emitter,
as well as in single layer devices containing a blend of only PVK and the electron
transport material in order to observe the exciplex emission originating from these two

materials.

4.2.1 DMaterials

The chemical structures of the new electron transporting materials tested in this section
are shown in Figure 4.1, and their synthetic procedure is detailed in reference [1] as
well as photophysical and theoretical studies.

In the initial photophysical and theoretical studies it was found that materials 4.1a-
¢ have higher LUMO levels than OXD-7 and correspondingly have a larger HOMO-
LUMO gap. The principle of twisting the chemical structure in order to increase the
triplet energy was demonstrated for similar materials, and it is therefore expected that

the triplet level of these molecules should in turn be higher than that of OXD-7 [1].
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4.2.2 Device results and discussion

The first set of devices tested the three electron transport materials 4.1a-c against com-
mercially available OXD-7 in electrophosphorescent devices with the standard iridium
complex Flrpic as a sky blue emitter.

The devices were fabricated in a multilayer structure incorporating a 25 nm hole
transporting layer of high molecular weight PVK with an emissive layer consisting of
the electron transporting material doped into low molecular weight PVK at 30% and
Flrpic doped at 2%. The emissive layer was spin coated from toluene solution, and
due to the insolubility of the high molecular weight PVK in this solvent, well defined
multilayer structures can be formed with this method [13]. The structure of the devices
were therefore ITO // PEDOT:PSS // PVKH (20 nm) // PVKL:ET:FIrpic (100:30:2)
(ca. 81 nm) // Ba (4 nm) // Al (100 nm).

Current density, brightness and efficiency data for this set of devices are shown in
Figure 4.2. Both the efficiency and brightness of all devices are comparable despite
the change in electron transport material. The variation between these devices is
similar to the variation expected between different devices with identical structure and
composition. It can be concluded that these new materials are as good as OXD-7 with
very similar device performance, and the presumed higher triplet energy makes little
difference for sky-blue dopant emitters.

The turn on voltages of all devices are similar, with 10 - 11 V required to attain a
brightness of 10 cd m~2. The lowest turn on voltage of 10 V was observed for OXD-7,

and the increase in turn on voltage across the material set correlates with the increase

93



A~
NE 100 | —=— OXD-7
5 |—=—41a e
3 4.1b > ‘\E
g 80 |—=—yuc ES
> 0. e
= 60- S100 ¢
[
= o
8 40 =]
<
= o D
o 20 - e
£ ] m
=]
o o T T T T T T T T T T 10
0 2 4 6 8 10 12 14 16 18 20 10 12 14 16 18 20
Voltage (V)
15
—~~
<
Ee;
O
N
> 10 @
g 8
3 L
= @]
w 105 1]
[0)
Q
>
)
O 0 T T T T 00

0 ‘ 20 ‘ 40 ‘ 60 ‘ Sb ‘ 160 0 ‘ 20 ‘ 40 60 80 ‘ 100
Current Density (mA/cm?)
Figure 4.2: J-V, L-V and device efficiency data of multilayer devices consisting of
PVK blended with each electron transport material and Flrpic. ITO // PEDOT:PSS

// PVKH (20 nm) // PVKL:ET:FIrpic (100:30:2) (ca. 81 nm) // Ba (4 nm) // Al
(100 nm).

in LUMO level of the material. This suggests that with the lowest LUMO level of all
materials studied, OXD-7 is still a slightly better electron transport material for sky-
blue dopant materials despite the comparable performance in efficiency and brightness.
Electroluminescence spectra of these devices are shown in Figure 4.3. The sky blue
emission peaking at 472 nm observed for all devices is that of Flrpic and the change
of electron transport material has little effect on the electroluminescence spectrum.
Secondly, single layer devices were fabricated without any dopant emitter in order to
observe the PVK:ET exciplex emission. The device structure was I'TO // PEDOT:PSS

// PVKL:ET (100:30) (ca. 80 nm) // Ba (4 nm) // Al (100 nm). In terms of effi-
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Figure 4.3: Normalised electroluminescence spectra of multilayer devices consisting of
PVK blended with each electron transport material and Flrpic. All devices exhibit sky
blue emission originating from Flrpic, and there is little effect of the change of electron
transport material on device emission.

ciency and brightness, device performance (shown in Figure 4.4) was low as is expected
from PVK devices with no dopant emitter. The highest efficiency and brightness was
achieved using OXD-7, with a brightness of 80 cd m~2 and device efficiency of 0.35 cd
A~1 although the external quantum efficiency was comparable with other materials at
just under 0.2%. Again, the turn on voltage was lowest for OXD-7 at 8 V, although
the high turn on seen for the 4.1c device here is likely to be mostly due to poor film
quality rather than the material itself.

A hysteresis effect can be seen in the device efficiency and E.Q.E. plots of some

of these devices, such as those of the 4.1b device. This is caused by current heating
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Figure 4.4: J-V, L-V and device efficiency data of single layer devices consisting of PVK
blended with each electron transport material without any dopant emitter. Device

structure ITO // PEDOT:PSS // PVKL:ET (100:30) (ca. 80 nm) // Ba (4 nm) // Al
(100 nm).

degrading the polymer layer, leading to a decrease in current density at higher voltages,
in conjunction with efficiency roll off.

Electroluminescence spectra of these devices are shown in Figure 4.5. The exciplex
formed by PVK and OXD-7 is the most strongly redshifted, with a peak wavelength
of 454 nm. The two materials 4.1b and 4.1c also exhibit emission from PVK:ET
material exciplexes, but not as redshifted as OXD-7, peaking at 441 nm and 436 nm
respectively. In contrast, the emission spectrum of the 4.1a device peaks at 388 nm
and is the same as the emission of a pure PVK device, with no exciplex formed between

the host and 4.1a.

96



— OXD-7
1.0 w —41a
- " 4.1b
d 08_ | y ‘ —4.1c
© 10
D oW
= \
©
€ 04-
2 ]
0.2 ’ M,

a0

0.0 |
600 700 800

|
500

Wavelength (nm)

400

Figure 4.5: Normalised electroluminescence spectra of single layer devices consisting
of PVK blended with each electron transport material, showing the exciplex emission
observed from 4.1b-c and OXD-7. The emission from the 4.1a device is that of PVK.

A comparison between the electroluminescence of this device and a pure PVK
device (structure ITO // PEDOT:PSS // PVK // Ba // Al) is shown in Figure 4.6,
demonstrating that the emission of the PVK:4.1a device is the same as that of PVK.

Considering a model of exciplex emission consisting of an excited state on the
LUMO of the electron transport material and the HOMO of the PVK host, these
devices are consistent with the previous observation that the new materials 4.1a-c
have higher LUMO levels than OXD-7, and additionally suggest that the LUMO level
of 4.1a may be higher than that of PVK which indicates no loss of energy to exciplexes.

Although the triplet energies of these new materials are expected to be higher than
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Figure 4.6: Comparison between the electroluminescence of the PVK:4.1a device and a
pure PVK device (structure ITO // PEDOT:PSS // PVK // Ba // Al) demonstrating
that the emission of PVK:4.1a is the same as that of PVK.

that of OXD-7, device performance across all the materials was comparable to OXD-7.
Additionally, due to its lower LUMO level, OXD-7 is a better electron transporting
material than the new materials tested. However with work ongoing towards high
triplet hosts for deeper blue dopants, corresponding development of electron transport
materials with high triplet energies is advantageous for deep blue OLED devices.

A number of attempts to determine the relative electron mobilities of the electron
transport materials were carried out by fabricating electron only devices on a borosil-
icate glass substrate with the structure Al (100 nm) // PVK:ET // Ba (4 nm) // Al

(100 nm). The PVK:ET layer was tested at varying thicknesses and electron transport
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dopant concentrations. As aluminium replaces the ITO as the anode, the energy bar-
rier becomes too large for hole injection to take place and the only current flow is that
of electrons.

The devices fabricated were poor, exhibiting very high irreproducible and irregular
current flow, often Ohmic in nature, before the devices broke down. Studies into the
requirements for reliable electron transport devices have been carried out [14], and
with thicker organic layers (beyond 300 nm) as well as substrates and bottom anodes
with lower surface roughness, it is possible that good quality, repeatable electron only
devices could have been fabricated. Due to the limited supply of materials, however,
the development of successful single carrier devices for this set of electron transport

materials was not possible.

4.3 Optimisation of single layer blue OLEDs

In this section, new sky blue iridium emitters with large bulky aryl ring side chains
synthesised by researchers in the Department of Chemistry are introduced. Simple
single layer devices using one of these emitters are optimised, with the emissive layer
thickness, emitter concentration and electron transport concentration being varied.
Finally, the series of new iridium emitters is compared with Flrpic. Due to both
material supply and the results of the OXD material characterisation, commercially
available OXD-7 purchased from Lumtec was used as the electron transport material

in subsequent blue OLED devices.
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Figure 4.7: Chemical structures of the blue emitting iridium complexes 4.2a-c char-
acterised in this section as well as that of Flrpic. These aim to improve the solubility
of Flrpic and, in the case of 4.2b-c, shield the iridium core by functionalisation of the
ligands with bulky aryl side chains.

4.3.1 Materials

Chemical structures of the three new sky blue iridium emitters characterised in this
section are shown in Figure 4.7 as well as that of Flrpic. Complex 4.2a has a mesityl
group substituted on the ligand, which is expected to improve the solubility of the
complex compared to Flrpic while retaining the sky blue emission.

Complexes 4.2b-c both have a bulkier branched aryl ring side group substituted,
with complex 4.2c¢ having the same side group located on the ancillary picolinate ligand.
Similar dendrimer based ligands for iridium complexes have been reported [15-17]. In
addition to the improvement in solubility, it is hoped that these ligands will add steric

bulk and effectively shield one hemisphere of the iridium core [18] protecting it from
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Figure 4.8: Extinction coefficient spectra of the three blue iridium emitters 4.2a-c
characterised in this section compared to Flrpic in dilute toluene solution.

energy transfer.

4.3.2 Absorption and photoluminescence spectra

Figure 4.8 shows the extinction coefficient (absorption) spectra of complexes 4.2a-c and
Flrpic in toluene solution. A general increase in the value of the absorption coefficient
is seen as longer side chains are added to the molecule. Additionally, a slight redshift
in features of approximately five nanometres is seen for the new emitters compared to
Flrpic. The strong absorption observed below 350 nm is assigned to m — 7* transitions
centred on the ligand, while weaker metal to ligand charge transfer (MLCT') absorption

bands are seen above 350 nm.
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Figure 4.9: Normalised photoluminescence spectra of the three blue iridium emitters
4.2a-c compared to Flrpic in dilute toluene solution. Excitation wavelength 400 nm.

Normalised photoluminescence spectra of complexes 4.2a-c and Flrpic measured
in dilute toluene solution are shown in Figure 4.9. The excitation wavelength was 400
nm. The emission of Flrpic peaks at 469 nm, while that of 4.2a is redshifted to 473
nm. The emission of complexes 4.2b-c are slightly redshifted further to 474 nm. In

general the different substituent groups have no major effect on the emission.

4.3.3 Optimisation of emissive layer thickness

The first set of devices fabricated in the course of optimising single layer OLED devices
involved varying the emissive layer thickness. By increasing the PVK concentration of

the solution used to spin coat the emissive layer from 14 mg/ml to 18, 22 and 26 mg/ml

102



Device Thickness © Turn-on ®° E.Q.E.¢ Device © Brightness ¢ Power ¢

voltage efficiency efficiency

/ nm /V /% ) ecd At /edm™2  /1Im W™!

1 42.6 9.9 2.3 4.1 925 2.1
2 59.9 6.9 2.3 4.8 1003 2.2
3 74.2 6.5 4.2 8.8 1421 3.9
4 103.6 8.0 3.8 8.2 1026 3.1

Table 4.1: Summary of the performance of single layer 4.2c devices with varying
emissive layer thicknesses. Device structure ITO // PEDOT:PSS // PVK:OXD-7:Ir
(100:40:8) // Ba (4 nm) // Al (79 nm).

@: Device thicknesses obtained by spin coating from PVK concentrations of 14, 18, 22
and 26 mg/ml chlorobenzene solution.

b. Voltage at which the device reaches a brightness of 10 cd m~2.

. Peak values for the device.

chlorobenzene solution, emissive layer thicknesses were increased and were measured
to be 42.6 nm, 59.9 nm, 74.2 nm and 103.6 nm respectively. Due to the supply of
materials available at the time of device fabrication, the iridium complex used in these
devices, as well as subsequent devices, was 4.2c.

Table 4.1 summarises the efficiency, brightness and turn-on voltage of these devices,
while full J-V, L-V and device efficiency data are shown in Figure 4.10. It can be seen
that, although peak brightnesses are similar for all devices, the highest brightness and
highest device efficiencies are achieved for a 74 nm emissive layer thickness. This
device attained a peak efficiency of 8.8 cd A~ and 4.2% E.Q.E. and a peak brightness
of 1,421 cd m™2. As expected, a large increase in the turn on voltage is seen as the
device thickness is increased.

Electroluminescence spectra of this set of devices are shown in Figure 4.11. The

wavelength at which the emission peaks is the same for all emissive layer thicknesses

tested at 477 nm. Increasing the thickness of the emissive layer, however, increases
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Figure 4.10: J-V, L-V and device efficiency data of single layer devices containing 4.2c

with varying layer thickness. Device structure ITO // PEDOT:PSS // PVK:OXD-7:Ir

(100:40:8) // Ba (4 nm) // Al (79 nm). Increasing emissive layer thickness generally

increases the turn on voltage, and the highest device efficiency was achieved with an
emissive layer thickness of 74.2 nm.

the relative intensity of the emission shoulder above 500 nm. This may be due to
the thicker emissive layer leading to increased self absorption, or a device microcavity
effect.

As both the highest brightness and device efficiency were obtained for the 74.2 nm
device, all devices in the following sections were fabricated aiming for an emissive layer

thickness in this range.
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Figure 4.11: Normalised electroluminescence spectra of single layer devices contain-
ing 4.2c with varying layer thickness. Device structure ITO // PEDOT:PSS //
PVK:OXD-7:Ir (100:40:8) // Ba (4 nm) // Al (79 nm). Increasing layer thickness
increases the relative intensity of the shoulder in the emission spectrum.

4.3.4 Optimisation of OXD-7 concentration

The following set of devices investigates the effect of varying the amount of OXD-7
doped in the emissive layer. Devices with the emissive layer composition PVK:OXD-
7:Ir in the ratio 100:x:8, where x ranged from 20 to 80, were fabricated. Table 4.2
summarises the device brightness and efficiency, while full J-V, L-V and device effi-
ciency data are shown in Figure 4.12.

The general trend for the devices, as the amount of OXD-7 in the emissive layer is
increased, is an increase in the turn on voltage and a reduction in the overall current

through the device.
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OXD-7 concentration Turn-on ® E.Q.E.? Device® Brightness® Power °

voltage efficiency efficiency

/V /% /ecd A1 /edm™2  /Im W1

20% 6.0 4.1 7.7 1946 3.6
30% 6.5 4.7 10.1 2214 4.2
40% 7.0 5.1 10.3 1571 3.9
50% 6.5 5.3 11.1 1869 4.9
60% 8.5 4.6 10.3 788 3.6
70% 9.0 4.5 10.2 673 3.3
80% 9.5 3.3 7.8 313 24

Table 4.2: Summary of the performance of single layer 4.2c devices with varying
concentrations of OXD-7. Device structure ITO // PEDOT:PSS // PVK:OXD-7:Ir
(100:x:8) // Ba (4 nm) // Al (100 nm).

@ Voltage at which the device reaches a brightness of 10 cd m~2.

b. Peak values for the device.

N/\
g 100 | _a 209, .
2 —=—30% by 1000
80 40% =
S —=—50% 3
— 60% g
= 00— 70% A
80% )
& 4 i 100 5
(@) c
= >
-
o 20 m
| -
5
O 0 T T T T T 10
0 2 4 6 8 10 12 14 16 18
Voltage (V)
6
<
5 5
) .
5 ‘g
C N
.g 3w
£ o
P 2ol
0 1
S
)
o 0
T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Current Density (mA/cm?)

Figure 4.12: J-V, L-V and device efficiency data of single layer devices containing
4.2c¢ with varying concentrations of OXD-7. Device structure ITO // PEDOT:PSS //
PVK:OXD-7:Ir (100:x:8) // Ba (4 nm) // Al (100 nm). Between 30% and 70% OXD-7
there is little variation in peak device efficiency but there is a significant increase in
efficiency roll-off and decrease in brightness observed at concentrations of 60% and
above.
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Turn on voltages range from 6.0 V for 20% OXD-7 to 9.5 V for 80% OXD-7. However
the variation in amount of OXD-7 included in the emissive layer leads in turn to an
increase in the emissive layer thickness as the solution from which the layer is spin
coated becomes more viscous. The thicknesses measured for the emissive layer ranged
from 68 nm for 20% OXD-7 to 90 nm for 80% OXD-7. The thicknesses measured for
the 30%, 40% and 50% OXD-7 dopant levels however were similar, ranging from 74
nm to 78 nm.

In order to account for this difference in thickness, Figure 4.13 shows the device
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Figure 4.13: Plot of brightness against applied electric field for the same set of devices
with varying OXD-7 concentration, accounting for the varying thickness of the device.
There is a general trend towards a higher electric field needed to achieve 10 cd m~2 with
higher OXD-7 concentration, but the turn on field for 50% OXD-7 was comparable to
those of the lowest concentrations of 20% and 30%.
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brightness plotted against applied electric field instead of applied voltage. Again, the
general trend is for higher OXD-7 concentrations exhibiting a higher turn on field
although the spread is somewhat reduced. The lowest turn on field was achieved with
a concentration of 50% OXD-7, although this was comparable to that achieved with
OXD-7 concentrations of 20% and 30%.

The peak device efficiency increases from 7.7 cd A™! and 4.1% E.Q.E. for 20%
OXD-7 to 10.1 cd A~! and 4.7% E.Q.E. for 30% OXD-7. Maximum efficiencies for

all devices from 30% OXD-7 to 70% OXD-7 are comparable to each other, although
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Figure 4.14: Normalised electroluminescence spectra of single layer devices containing
4.2c¢ with varying concentrations of OXD-7. Device structure ITO // PEDOT:PSS //
PVK:OXD-7:Ir (100:x:8) // Ba (4 nm) // Al (100 nm). Increasing OXD-7 concentra-

tion increases the relative intensity of the shoulder in the emission spectrum, although
this could also be due to an increase in the layer thickness.
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there is more significant efficiency roll off at higher OXD-7 concentrations which is also
reflected in the decrease in the maximum device brightness seen above 60% OXD-7
dopant levels.

Normalised electroluminescence spectra of these devices are shown in Figure 4.14.
Increasing the amount of OXD-7 in the emissive layer also results in an increase in the
relative intensity of the shoulder seen in the emission spectrum, although this may also
be an effect of increased device thickness due to higher OXD-7 dopant levels resulting

in slightly thicker emissive layers, similar to the effect seen in Figure 4.11.

4.3.5 Optimisation of iridium complex concentration

The following set of devices investigates the effect of varying the amount of iridium
emitter doped in the emissive layer. Devices with the composition PVK:OXD-7:Ir in
the ratio 100:50:x, where x ranged from 2 to 12, were fabricated. Table 4.3 summarises
the device brightness and efficiency, while full J-V, L-V and device efficiency data are

shown in Figure 4.15.

Ir concentration Turn-on ¢ E.Q.E.°® Device® Brightness ® Power °
voltage efficiency efficiency

/V /% /ecd ATt /edm™2 /1Im W!

2% 6.5 2.3 4.7 785 2.1
5% 7.5 3.8 8.2 1123 3.2
8% 6.5 4.4 9.6 2099 3.9
12% 6.5 4.9 11.3 1574 4.2

Table 4.3: Summary of the performance of single layer 4.2c devices with varying
concentration of iridium emitter. Device structure ITO // PEDOT:PSS // PVK:OXD-
7:Ir (100:40:8) // Ba (4 nm) // Al (79 nm).

: Voltage at which the device reaches a brightness of 10 cd m~2.
b. Peak values for the device.
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Figure 4.15: J-V, L-V and device efficiency data of single layer devices containing 4.2c
at varying concentrations. Device structure ITO // PEDOT:PSS // PVK:OXD-7:Ir
(100:50:x) // Ba (4 nm) // Al (100 nm). The efficiency of devices increases as the

emitter concentration increases, but at the highest concentration a larger efficiency
roll-off is observed.

As the amount of iridium emitter in the emissive layer increases, there is a corre-
sponding increase in the maximum efficiency of the device. This ranges from 4.7 cd
A~ and 2.3% E.Q.E. for a dopant level of 2% to the highest value across this set of
devices, 11.3 cd A~! and 4.9% E.Q.E. for a dopant level of 12%.

Although a dopant level of 12% resulted in the maximum efficiency obtained, a
larger efficiency roll-off was observed, possibly due to the higher concentration of dopant
molecules leading to increased triplet-triplet annihilation, resulting in the maximum
brightness of 1,574 cd m~2 being lower than the 2,099 cd m~2 seen for the device doped

with 8% iridium emitter.

110



1.0 2%
| 5%
—l 8%
U p
D os-
(_U |
E 041
O ]
Z
0.2 1
0.0 ' T ' T ' T ' |\\ 1 '
400 450 500 550 600 650 700

Wavelength (nm)

Figure 4.16: Normalised electroluminescence spectra of single layer devices containing
4.2c¢ at varying concentrations. Device structure ITO // PEDOT:PSS // PVK:OXD-
7:Ir (100:50:x) // Ba (4 nm) // Al (100 nm). Increasing iridium emitter concentration
again increases the relative intensity of the shoulder in the emission spectrum, although
this could also be due to an increase in the layer thickness.

Normalised electroluminescence spectra for this set of devices are shown in Figure
4.16. Increasing the dopant concentration has little effect on the overall colour of
emission, but there is once again an increase in the relative intensity of the shoulder
as the dopant concentration is increased.

Again, increasing the concentration of dopant resulted in an increase in the thickness
of the emissive layer. A thickness of 75 nm was measured for the lowest dopant level
of 2%, while the thickness of the 12% device was as high as 86 nm. As the thicknesses

of the 5% and 8% devices were similar to that of the 2% device at 77 and 76 nm
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respectively, the high thickness of the 12% device could be due to other variations in
the deposition conditions of the layer.

Finally, at the low dopant level of 2%, residual emission from the PVK host is
observed with increased emission between 400 nm and 450 nm, as the dopant level is
too low for complete energy transfer from the host to the emitter molecules.

The change in concentration of iridium dopant is also likely to change the electri-
cal properties of the device, although in this set of devices there is no trend in one
particular direction in the electrical properties as the dopant concentration increases.
This adds a further variable to the optimum charge carrier balance in addition to the
concentration of OXD-7, and thus the optimum OXD-7 doping level for one iridium

emitter concentration may not be the same as that for a different emitter concentration.

4.3.6 Comparison of iridium complexes

The final set of devices fabricated with these materials used a choice of emissive layer
composition based on the results of the optimisation tests detailed above. Comparing
Flrpic with complexes 4.2a-c, the device structure used was ITO // PEDOT:PSS //
PVK:OXD-7:Ir (100:50:12) // Ba (4 nm) // Al (100 nm). Emissive layer thicknesses
were measured to be broadly similar for all devices at 73.9 nm (FIrpic), 79.7 nm (4.2a),
78.6 nm (4.2b) and 78.9 nm (4.2c). Table 4.4 summarises the maximum brightness
and efficiencies for these devices, while full J-V, L-V and device efficiency data are

shown in Figure 4.17.
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Complex Turn-on ¢ E.Q.E.° Device® Brightness®  Power °

voltage efficiency efficiency

/V /% Jecd ATt /edm™2  /1Im W1

Flrpic 7.5 1.5 3.3 1071 1.1
4.2a 7.0 5.4 11.6 970 4.4
4.2b 7.0 5.3 11.7 1908 4.4
4.2c 7.0 5.0 10.9 1134 4.2

Table 4.4: Summary of the performance of single layer devices comparing com-
plexes 4.2a-c with Flrpic. Device structure ITO // PEDOT:PSS // PVK:OXD-7:Ir
(100:50:12, 78 nm) // Ba (4 nm) // Al (60 nm).

@ Voltage at which the device reaches a brightness of 10 cd m~2.
b. Peak values for the device.
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Figure 4.17: J-V, L-V and device efficiency data of single layer devices comparing
complexes 4.2a-c with Flrpic. Device structure ITO // PEDOT:PSS // PVK:OXD-
7:Ir (100:50:12, 78 nm) // Ba (4 nm) // Al (60 nm). All new complexes exhibit
comparable maximum efficiencies, significantly outperforming Flrpic. However less
efficiency roll off is observed for complex 4.2c.
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The peak efficiency attained by the single layer Flrpic device was 3.3 cd A™! and
1.5% E.Q.E. All the new complexes 4.1a-c achieve higher maximum efficiencies than
Flrpic, being comparable to each other at around 11 - 12 cd A~! and 5.0 - 5.5% E.Q.E.
However complex 4.2b exhibits reduced efficiency roll-off at higher concentration den-
sities which results in this complex having the highest brightness of 1,908 cd m~2.

Figure 4.18 shows the normalised electroluminescence spectra of these devices. All
complexes retain the sky blue emission of Flrpic, with only a slight redshift of around
4 nm observed when compared to the commercial standard. Additionally, the emission
shoulder is slightly reduced in intensity for the new complexes, which can be explained
by better solubility leading to less aggregation and therefore less self absorption.

In addition to the emission spectra not being altered compared to Flrpic, the device
efficiency using the new complexes is significantly increased. Although complex 4.2b
exhibits reduced efficiency roll-off at higher current density compared to the other
emitters, there is no significant improvement in the maximum device efficiency as a
result of using complexes with the bulkier branched ligands.

Additionally, complexes 4.2b-c are harder and more expensive to synthesise than
4.2a. Therefore for further investigation 4.2a and a second series of complexes with
simpler alkyl substituent side chains were synthesised and their characterisation will

be described in Chapter 5.

4.4 Conclusions

In this chapter, three new electron transport materials which are expected to have
higher triplet energies than commercially available OXD-7 have been tested. FElec-
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Figure 4.18: Normalised electroluminescence spectra of single layer devices comparing
complexes 4.2a-c with Flrpic. Device structure ITO // PEDOT:PSS // PVK:OXD-
7:Ir (100:50:12, 78 nm) // Ba (4 nm) // Al (60 nm). Emission is slightly redshifted
by 4 nm for 4.2a-c and the shoulder in emission is reduced in intensity compared to
Flrpic.

trophosphorescent devices employing Flrpic as a sky blue emitter exhibit similar maxi-
mum device efficiencies to each other, but the turn on voltage increases with the higher
LUMO energy level of the electron transport materials, with OXD-7 having the lowest
turn on voltage.

Devices without Flrpic show emission from an exciplex between the PVK host and
the electron transporting material. The emission of OXD-7 was the most redshifted,
again indicating that OXD-7 has the lowest LUMO of the series. The emission observed

from the PVK:4.1a device was that of pure PVK, suggesting that the LUMO of this

115



electron transport material was higher than that of PVK. The fabrication of electron
only devices was attempted, but limited supply of materials and quality of the substrate
and anode surfaces meant that good quality, repeatable devices could not be made.

It is concluded that although all electron transport materials attain comparable
efficiencies and brightnesses for sky blue electrophosphorescent devices, OXD-7 is still a
slightly better electron transport material due to its lower LUMO energy. However with
development ongoing into high triplet host materials suitable for deep blue emitting
dopants, the corresponding development of high triplet electron transport materials is
also necessary for highly efficient deep blue OLED devices.

Secondly, a series of blue iridium emitters based on Flrpic was characterised. These
complexes retained the sky blue emission of Flrpic, while incorporating mesityl or bulky
branched aryl ring side chains with the aim of improving solubility and increasing
device efficiency. Simple single layer devices employing complex 4.2c as the emitter
were optimised for emissive layer thickness, OXD-7 concentration and iridium dopant
concentration. Finally, this device architecture was used to compare the three new
complexes with Flrpic. The new complexes were more than three times more efficient
than Flrpic, with efficiencies of 11 - 12 cd A~! and 5.0 - 5.5% E.Q.E. compared to 3.3
cd A~ and 1.5% E.Q.E. for Flrpic, with reduced self absorption in electroluminescence
spectra due to the improved solubility of the complexes.

However it is noted that even the highest efficiency devices reported here do not
reach the best reported single layer Flrpic devices in the literature reviewed in section
4.1. This may indicate that further optimisation of the device architecture, such as

PEDOT:PSS conductivity and thickness or the composition of the cathode may be
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needed. It also reflects the difficulty in obtaining reproducible measurements across
different laboratories.

With all the new sky blue iridium emitters 4.2a-c having comparable maximum
device efficiencies, and due to the comparative difficulty and expense incurred in the
chemical synthesis of 4.2b-c with bulky branched aryl ring side chains, work in the
following chapter concentrates on complex 4.2a and similar complexes with simpler

alkyl chain substituents.
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5 Cyclometalated Ir(III) complexes for highly effi-

cient solution processable blue PhOLEDs

Following on from the work presented in Chapter 4, in this chapter the optimised single
layer device architecture is used to characterise a further series of new sky blue iridium
emitters, this time either with simpler branched and straight alkyl chain substituents
on the ligands, or using the same mesityl substituents as in complex 4.2a but located
on a different part of the ligand to investigate the optimal form and location of the
solubilising substituent.

A further series of new cyano substituted or bipyridyl based derivative emitters
were characterised, exhibiting progressively blueshifted emission compared to the sky
blue parent emitters. Finally, a pair of complexes with carbazole based substituent
moieties are tested.

Continued optimisation of the device structure in this chapter involves the fab-
rication of bilayer hybrid devices with an evaporated layer of 1,3,5-tris(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBI) as an electron transport and hole blocking layer.
This addition dramatically increases device efficiency and reduces the turn on voltage.

The work presented in Section 5.2 has contributed to the following publications:

1. Cyclometalated Ir(III) Complexes for High-Efficiency Solution-Processable Blue
PhOLEDs. Valery N. Kozhevnikov, Yonghao Zheng, Matthew Clough, Hameed
A. Al-Attar, Gareth C. Griffiths, Khalid Abdullah, Steponas Raisys, Vygintas
Jankus, Martin R. Bryce & Andrew P. Monkman, Chemistry of Materials 25
(2013), 2352 - 2358
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5.1 Review

Extensive research has focused on the fabrication of blue OLED devices and the char-
acterisation of new blue iridium(IIT) emitters. The challenges that this research has
tried to overcome include the synthesis of deep blue emitters and the fabrication of
highly efficient devices.

There are many reports in the literature of new blue iridium emitters for OLED
applications. Reviews such as references [1-3] summarise some of these new materials
and their performance, along with progress towards other organometallic complexes or
materials for deep blue devices and other applications.

Applications such as displays require deeper blue emitters than Flrpic, as a sky blue
emitter with CIE coordinates of around (0.17, 0.38). The deep blue complex bis(4’,6’-
difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate iridium(III) (FIr6) [4] has been
used in vacuum deposited devices with external quantum efficiencies reaching 22.9%
with CIE coordinates of (0.16, 0.29) [5].

In solution processable devices, an external quantum efficiency of 22.1% was re-
ported using a cyano substituted Flrpic derivative (iridium(III) bis[5-cyano-4,6-(di-
fluorophenyl)-pyridinato-N,C?]picolinate) (FCNIrpic) in a solution processable small
molecule host. The CIE coordinates for this device were (0.14, 0.19). Using PVK as a
host in a comparable device reached an E.Q.E. of 12.1% [6]

As the above report shows, one obstacle for the fabrication of highly efficient deep
blue OLED devices is the host material. PVK is commonly used as a host material

for phosphorescent dopants of all colours and has been used as the host material in
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devices reported in this thesis. However the performance of PVK devices with blue
dopant emitters is not good compared to those doped with green emitters.

Although the triplet energy of PVK has been reported to be 2.88 eV, triplet trap
species have been observed with the lowest energy triplet dimer states having an energy
of 2.5 eV [7]. This will result in quenching of dopant excitons. As a result much research
is being performed into the synthesis of high triplet host polymers for efficient deep

blue OLED devices.

5.2 Improving efficiency by functionalisation of Flrpic with
solubilising alkyl or mesityl groups

The following section details the characterisation of five blue emitting iridium com-
plexes synthesised by researchers in the Department of Chemistry at the University
of Durham. These complexes aim to improve the performance of Flrpic, a commer-
cially available sky-blue emitter, by modifying the chemical structure of the ligands
with solubilising alkyl or mesityl side groups while retaining the blue emission of the
parent complex. These complexes are easier to synthesise than the complexes 4.2b-c
characterised in the previous chapter with large, branched side groups. The chemical
structures of these materials are shown in Figure 5.1, and their synthesis and chemical
characterisation is described in reference [8].

The materials 5.1a-c have been functionalised with alkyl groups of varying lengths
and branching. Complex 5.1a, with a ¢-butyl group, has been reported previously [9].

The remaining complex 5.1d has been functionalised with mesityl groups similar to
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Flrpic R=H

51a  R=tBu

5Ab  R=n-CiHus 4.2a 5.1d
5Ac R = 3—(ethylheptyl

Figure 5.1: Chemical structures of the blue emitting iridium complexes characterised
in section 5.2. These aim to improve the solubility of Flrpic by functionalisation of the
ligands with alkyl or mesityl side groups [8].

4.2a, but at different locations on the ligand to determine the effect of the location of
the solubilising group on the properties of the material. The ring in the mesityl group
is twisted out of the plane of the ligand by the methyl groups, minimising conjugation
over the substituent and retaining the sky blue emission.

All complexes have improved solubility, with concentrations of 25 mg/ml achievable
in common organic solvents for all complexes, compared to Flrpic where the solubility

may be 5 mg/ml or less [8].

5.2.1 Absorption and photoluminescence spectra

Figure 5.2 shows the extinction coefficient (absorption) spectra in toluene solution

for the five complexes compared to commercially available Flrpic (purchased from
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Figure 5.2: Extinction coefficient spectra of the five blue iridium emitters characterised
in this section compared to Flrpic in toluene solution.

American Dye Source). The strong absorption seen below 350 nm is assigned to m — 7*
transitions centred on the ligand. Weaker absorption bands assigned to metal to ligand
charge transfer (MLCT) states are observed between 350 and 400 nm. Functionalisation
of Flrpic with alkyl groups (complexes 5.1a-c) results in a small blueshift in these bands
compared to those of Flrpic, while functionalisation with mesityl groups (complexes
4.2a, 5.1d) results in a small redshift.

The photoluminescence properties of the complexes are summarised in Table 5.1.
A quantum yield of 0.54 was measured for Flrpic in degassed toluene solution with
an excitation wavelength of 400 nm. This compares to literature reports of 0.5 - 0.6

in ‘fluid solution’ [11], 0.5 in chloroform [12], 0.62 in dichloromethane [13] and 0.68 in
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Material ~ Amax,PLsoim ©  Amax,PL film b ¢pr, ¢ conc® quenching ¢

/ nm / nm efficiency
Flrpic 469 470  0.54 0.33
5.1a 467 467  0.68 0.05
5.1b 465 467  0.66 -
5.1c 464 466  0.71 -
4.2a 473 474 0.92 0.04
5.1d 475 476 0.55 0.12

Table 5.1: Summary of the photoluminescence properties of the series of new complexes
compared to Flrpic.

?: Measured in toluene solution.

b: Measured in PMMA film doped with 10% w/w Ir complex, excitation wavelength
400 nm.

¢ PLQY =+ 5%, using Ir(ppy)s (¢ = 0.40) [10] as a reference. Measured in degassed
toluene solution with an excitation wavelength of 400 nm.

. Calculated concentration quenching efficiency in doped zeonex film by Dr. Vygintas
Jankus as detailed in reference [8].

acetonitrile [14]. The quantum yields measured for all complexes are similar to Flrpic,
except for that of 4.2a which is significantly higher at 0.92.

Table 5.1 also includes values of the concentration quenching efficiency for Flrpic,
5.1a, 4.2a and 5.1d calculated by Dr. Vygintas Jankus. These values were based on
measurements of the decay rate of the complexes doped at 0.01% and 12% in zeonex as
detailed in reference [8]. They show that the concentration quenching is much reduced
for 5.1a, 4.2a and 5.1d compared to Flrpic.

Possible explanations for the variation in concentration quenching included, firstly,
the increased solubility of the complex leading to improved dispersion in the polymer
matrix, and secondly the presence of the mesityl side groups reducing the intermolecular
interactions in the film. Concentration quenching efficiencies of 0.92 for Flrpic and 0.77
for 4.2a measured in neat films indicated that improved solubility was the predominant

cause of the reduction in concentration quenching efficiency [8].
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Figure 5.3: Normalised photoluminescence spectra of the series of new blue iridium
emitters compared to Flrpic in toluene solution. Excitation wavelength 400 nm.

Normalised photoluminescence spectra in toluene solution are shown in Figure 5.3.
The excitation wavelength was 400 nm. All the complexes retain the sky-blue emis-
sion of FIrpic (Amaxpr = 469 nm), with alkyl substituted complexes being slightly
blueshifted and mesityl substituted complexes being slightly redshifted (Apaxpr, = 475
nm for 5.1d). In the mesityl substituted complexes, the ortho-methyl groups twist
the mesityl groups out of plane with respect to the rest of the ligand [8]. This limits
the effect the substitution has on the conjugation, ensuring that the emission is not
redshifted significantly.

The photoluminescence spectra in thin film follow a similar pattern, as shown in

Figure 5.4. The emission of the complexes doped at 10% w/w in PMMA film were
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Figure 5.4: Normalised photoluminescence spectra of the series of new blue iridium
emitters compared to Flrpic doped at 10% w/w in PMMA thin film, excitation wave-
length 400 nm.

measured. The excitation wavelength was 400 nm. The peak emission wavelengths
are redshifted by a maximum of 2 nm compared to the emission spectra in toluene

solution.

5.2.2 Characterisation of single layer solution processable devices

Normalised electroluminescence spectra of devices with a simple single layer structure
ITO // PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:12, 76 nm) // Ba (4 nm) //
Al (100 nm) for Flrpic and this series of emitters are shown in Figure 5.5.

The electroluminescence spectra of complexes 5.1a, 4.2a and 5.1d are all similar to
that of Flrpic, while the spectra of both 5.1b and 5.1c show a broad band of emission
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Device  Agpmax Turn-on ¢ E.Q.E. ®  Device * Brightness ° Power °
voltage efficiency efficiency

/ nm /V /% Jed ATt /edm™2 /lm W!

FIrpic 474 7.0 1.9 3.9 1390 1.4
5.1a 472 7.0 3.8 7.1 1440 2.7
5.1b 472 7.0 4.3 10.1 1080 4.0
5.1c 472 9.0 5.2 8.9 470 3.1
4.2a 477 6.5 4.6 10.1 2290 3.6
5.1d 478 7.0 3.2 7.7 1560 2.7

Table 5.2: Summary of the performance of single layer devices comparing the blue
iridium emitters 5.1a-d with 4.2a and commercially available Flrpic. Device structure

ITO // PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:12, 76 nm) // Ba (4 nm) //
Al (100 nm).

@: Voltage at which the device reaches a brightness of 10 cd m~2.

b. Peak values for the device.

at longer wavelengths. This was possibly due to formation of an electroplex state. The
broadened green shoulder is not observed in the photoluminescence emission spectra
in either solution or thin film of these two complexes.

Two batches of four devices each were fabricated with this single layer architecture.
The first batch compared Flrpic with the alkyl substituted complexes 5.1a, 5.1b and
5.1c, while the second batch compared Flrpic with 5.1a, 4.2a and 5.1d. The varia-
tion in device performance between batches is small, with the Flrpic control devices
exhibiting comparable efficiencies across both sets of devices.

The efficiency and luminance data of the electrophosphorescent devices doped with
Flrpic and this series of emitters are summarised in Table 5.2. Full J-V, L-V and
device efficiency data are shown in Figure 5.6.

All complexes exhibit improved device efficiencies than the commercially available

Flrpic, with the best performing devices containing complexes 5.1b and 4.2a (10.1

cd A™') being approximately two and a half times as efficient as the FlIrpic devices
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Figure 5.5: Normalised electroluminescence spectra of the blue iridium emitters 5.1a-
d, 4.2a and Flrpic in single layer devices. The CIE coordinates at 12 V are as follows:
Flrpic - (0.17, 0.38), 5.1a - (0.17, 0.36), 5.1b - (0.24, 0.43), 5.1c - (0.24, 0.41), 4.2a -
(0.16, 0.38), 5.1d - (0.18, 0.43).

(3.9 cd A™'). However as the electroluminescence spectra of 5.1b and 5.1c are broad-
ened towards green emission the efficiencies of these complexes would not be directly
comparable with the other sky-blue dopants.

Turn-on voltages, defined here as the voltage needed for the device to attain a
brightness of 10 cd m™2, are similar for most of the complexes at 6.5 - 7 V in single
layer devices. Complex 5.1c is the exception, where the device had a higher turn on
voltage of 9 V. The highest device brightness was obtained with 4.2a at 2,290 cd m—2,

compared with 1,390 cd m~2 for Flrpic.
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Figure 5.6: J-V, L-V and device efficiency data for single layer devices comparing
(panels a - d) Flrpic and 5.1a-c and (panels e - h) Flrpic and 5.1a, 4.2a and 5.1d.
Device structure ITO // PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:12, 76 nm)
// Ba (4 nm) // Al (100 nm).
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Subsequent optimisation of 4.2a devices by co-workers resulted in single layer de-
vices with an efficiency of 19.1 cd A~! and 8.7% E.Q.E. and a brightness of 5,455 cd m~2
with the device structure ITO // PEDOT:PSS (HIL 1.5) (75 nm) // PVK:OXD-7:4.2a
(100:37:8, 80 nm) // Ba (4 nm) // Al (100 nm).

Also, devices including a layer of 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene
(TPBI) as an electron transporting layer achieved an efficiency of 23.7 cd A~! and
10.4% E.Q.E. and a brightness of 4,600 cd m™2 with the device structure ITO //
PEDOT:PSS (HIL 1.1) (32 nm) // PVK:4.2a (100:20, ca. 50 nm) // TPBI (32 nm)
// LiF (0.7 nm) // Al (100 nm) [8]. This also resulted in a reduction of the turn-on
voltage to 5 V.

Further investigation of 5.1b was carried out as the broadened green shoulder
observed in the initial devices (Figure 5.5) could be exploited for the fabrication of
white light emitting devices. Initial results suggested that the green emission from this
complex was concentration dependent, as shown in Figure 5.7, panel (a). Increasing
the percentage doping concentration of the complex in PVK:0OXD7 from 5% to 12%
resulted in an increase in the intensity of emission seen above 500 nm.

Due to material availability, a second batch of the material was synthesised for
further investigation. Devices using this second batch did not display the broadened
emission at all, with dopant concentrations of as high as 20% in an identical device
structure showing no significant change in the electroluminescence spectrum at all. The
broadened emission was likely due to material purity and as it could not be reproduced

in the second batch was not pursued further.
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Figure 5.7: Normalised electroluminescence spectra of 5.1b showing the concentration
dependence of emission using two different batches of the same material in single layer

devices. The second batch, shown in panel (b), does not exhibit the broad green
shoulder that was observed in initial measurements of the first batch, shown in panel

(a).

5.3 Characterisation of deep blue iridium complexes

Following the demonstration of highly efficient solution processable devices with the
sky blue emitters described in section 5.2, a further series of iridium complexes was
fabricated by researchers in the Department of Chemistry with the aim of progres-
sively shifting emission towards a deeper blue colour. The chemical structures of these
materials are shown in Figure 5.8.

Using 5.1a (with a ¢-butyl side group) and 4.2a (with the mesityl side group)
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4.2a 5.2¢c 5.2d

Figure 5.8: Chemical structures of the blue emitting iridium complexes characterised in
section 5.3. These aim to further blueshift the emission of Flrpic derivatives 5.1a and
4.2a by substitution with either a cyano group (5.2a,c) or a bipyridyl ring (5.2b,d).

as parent complexes, blueshifting of emission was achieved by either substitution of
a cyano group on the phenyl ring (5.2a,c) or replacement of the phenyl ring with a
pyridyl ring (5.2b,d).

The cyano substituted complexes 5.2a,c are analogues to FCNIrpic, mentioned in
section 5.1. Complex 5.2b is similar to the bipyridyl complex reported in reference [15],
except the reported complex has an acetylacetonate ancillary ligand instead of the
picolinate ligand in the complexes reported in this work. Similar complexes were also
reported by Yang et al. [16] and Park et al. [17]. These reports demonstrate that this

substitution does result in the expected blueshift in emission.
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Figure 5.9: Extinction coefficient spectra (top) and normalised photoluminescence

spectra (bottom) in toluene solution of (left) the blueshifted iridium emitters 5.2a-

b compared to the parent complex 5.1a and Flrpic, and (right) 5.2c-d compared to

the parent complex 4.2a and Flrpic. The excitation wavelength for PL. measurements
was 400 nm.

5.3.1 Absorption and photoluminescence spectra

Extinction coefficients of 5.2a-d in 107> M toluene solution are shown in Figure 5.9 (top
panels) compared to the parent complexes as well as Flrpic. Again, strong absorption
below 350 nm is assigned to the m — 7* transition with weaker MLCT absorption bands
above 350 nm. The most prominent MLCT peaks for the ¢t-butyl substituted complexes
are progressively blueshifted from 378 nm for 4.2a to 369 nm for 5.2a and 357 nm for
5.2b. Meanwhile, compared to 4.2a the mesityl substituted complexes have their most
prominent MLCT peaks progressively blueshifted from 385 nm to 377 nm for 5.2c and

364 nm for 5.2d.
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o CIE 1931 Chromaticity Diagram

Figure 5.10: CIE chromaticity dia-

gram showing the coordinates of pho-

toluminescence emission of the com-

0.0 ' 0.2 ' 0.4 ' 0.6 ' 0.8 plexes studied in this section. Coor-
X dinates are detailed in table 5.3.

Photoluminescence spectra of the same complexes in toluene solution are shown in
the lower panels of Figure 5.9. For cyano substituted complexes 5.2a and 5.2c, the
peak emission wavelength is blueshifted compared to their parent complexes from 467
nm to 456 nm (5.2a) and from 469 nm to 460 nm (5.2¢). The bipyridyl complexes
are blueshifted even further to 443 nm (5.2b) and 448 nm (5.2d). Additionally, the
shoulder on the red side of the emission spectrum of Flrpic and the parent complexes
becomes a more prominent peak as emission is blueshifted. These peaks can be seen

at 472 nm for 5.2b and 474 nm for 5.2d.

5.3.2 Characterisation of electrophosphorescent devices

Due to the better performance of mesityl substituted 4.2a over t-butyl substituted

5.1a in devices as shown in Chapter 4, only the corresponding mesityl substituted
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a

AmaxeL ° CIE (PL) ¢ CIE (EL) ¢

Material = Ayax pL

/ nm / nm
Flrpic 169 472 (0.14, 0.29)  (0.18, 0.38)
5.1a 467 - (0.14, 0.28) -
5.2a 456 - (015, 0.18) .
5.2b 443 - (0.16, 0.15) ;
4.2a 473 477 (0.14,0.31)  (0.16, 0.38)
5.2¢ 460 467 (0.14, 0.20)  (0.16, 0.28)
5.2d 448 482 (0.14,0.16)  (0.20, 0.31)

Table 5.3: Summary of peak wavelengths for photoluminescence emission in toluene
solution (Aexc = 400 nm) and electroluminescence in single layer devices for the com-
plexes studied in this section. Due to the improved performance of 4.2a over 5.1a
in single layer devices, complexes 5.2a-b were not tested in devices. CIE coordinates
were also calculated for each spectrum.

@ Measured in toluene solution.

b. Single layer devices, device structure detailed in section 5.3.2.

¢. CIE coordinates for electroluminescence at peak brightness.

blueshifted complexes 5.2c-d were tested in devices. Single layer and multilayer de-
vices incorporating TPBI were fabricated comparing these complexes with their parent
complex 4.2a, with the single layer devices also comparing them to Flrpic.

The structure of devices tested was I'TO // PEDOT:PSS (HIL 1.1) // PVK:OXD-
7:Ir (100:50:12, 75 nm) // Ba (4 nm) // Al (80 nm) for single layer devices and ITO
// PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:8) // TPBI (32 nm) // LiF (0.7
nm) // Al (100 nm) for bilayer devices. The device efficiency and brightness data are
summarised in Table 5.4. Figure 5.11 shows the J-V, L-V and device efficiency data
for both single layer and multilayer devices.

As the emission of the dopant complex is shifted towards the blue, both the efficiency
and brightness (governed by the eye response curve) attained by the single layer devices
are reduced. For single layer devices, the sky blue complex 4.2a is the best performing

emitter with a maximum device efficiency of 12.8 cd A~! and 5.9% E.Q.E. and a peak
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Material ~Structure ® Turn-on ° E.Q.E. ¢ Device © Brightness ¢ Power ¢

voltage efficiency efficiency

/V /% /ecd ATt /edm™2  /Im W1

Flrpic S 6.5 2.1 4.5 2460 1.6
4.2a S 6.0 5.9 12.8 4169 5.1
5.2¢c S 7.5 2.2 3.7 1392 1.3
5.2d S 8.0 0.6 0.9 249 0.3
4.2a M 7.0 10.2 22.4 1459 8.5
5.2c M 7.0 7.3 13.0 385 5.8
5.2d M 8.5 1.5 2.5 63 1.0

Table 5.4: Summary of the performance of single layer and multilayer devices compar-
ing 5.2c-d, 4.2a and Flrpic in single and bilayer devices.

: Device structure: S (single layer), M (multilayer) incorporating a 32 nm evaporated
layer of TPBI.

b. Voltage at which the device reaches a brightness of 10 cd m~2.

. Peak values for the device.

brightness of 4,169 cd m~2.

The cyano substituted emitter 5.2c reaches a maximum device efficiency of 3.7 cd
A~'and 2.2% E.Q.E. and the brightness is reduced to 1,392 cd m~2. This is comparable
to the performance of Flrpic which reached a maximum efficiency of 4.5 cd A~! and
2.1% E.Q.E. although the emission was not as deep blue as 5.2c. Devices containing
the bipyridyl emitter 5.2d were the weakest, with an efficiency of just 0.9 cd A~! and
0.6% E.Q.E. and a peak brightness of 249 c¢d m?.

Multilayer devices with a 32 nm evaporated layer of TPBI as an electron transport
are more efficient than the single layer devices, with the maximum current density
measured in the device being reduced by more than ten times. This suggests that
the better electron injection improves the balance of charge carriers, with fewer holes

passing straight through the emissive layer without recombining, and the emission zone

being moved away from the cathode preventing quenching at the interface.
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Figure 5.11: J-V, L-V and device efficiency data comparing 5.2c-d and 4.2a for
(panels a - d) single layer devices (also compared to Flrpic) with structure ITO //
PEDOT:PSS (HIL 1.1) // PVK:OXD-7:Ir (100:50:12, 75 nm) // Ba (4 nm) // Al (80

m), and (panels e - h) bilayer devices with structure ITO // PEDOT:PSS (HIL 1.5)
// PVK:OXD-7:Ir (100:50:8) // TPBI (32 nm) // LiF (0.7 nm) // Al (100 nm).
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Figure 5.12: Normalised electroluminescence spectra of the series of blueshifted iridium
emitters 5.2c-d compared to the parent 4.2a and Flrpic in single layer devices.

This results in an increase in efficiency from 12.8 cd A~! and 5.9% E.Q.E. to 22.4
cd A~ and 10.2% E.Q.E. for 4.2a and similar increases in efficiency were observed for
the other two complexes, although for all multilayer devices the peak brightness was
lower than the corresponding single layer devices. However the multilayer devices show
the same trend as the single layer devices that blueshifting the emission reduces the
efficiency and brightness of the device. The reduction in efficiency with increasingly
blueshifted complexes can be attributed to increased quenching by the PVK host as
the energy of the blueshifted complex increases.

Figure 5.12 shows the electroluminescence spectra of the single layer devices. The

peak emission wavelength for the cyano substituted 5.2c is 467 nm, which corresponds
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o CIE 1931 Chromaticity Diagram

Figure 5.13: CIE chromaticity dia-
gram showing the coordinates of elec-
troluminescence emission for Flrpic,
| 4.2a and 5.2c-d in single layer de-
vices.
| Coordinates:
Flrpic: (0.18, 0.38)
. . , | 4.2a: (0.16, 0.38)
0.0 0.2 0.4 06 0.8 5.2¢c: (0.16, 0.28)
X 5.2d: (0.20, 0.31)

to a blueshift of 7 nm compared to Flrpic and 10 nm compared to the parent 4.2a.
However, the spectrum of the bipyridyl complex 5.2d is distorted towards the bluer
region of the spectrum, possibly due to strong self absorption or a device microcavity
effect. The peak in emission was observed at 482 nm which may correspond to the
secondary peak observed in the photoluminescence spectrum. The emission spectra
were the same for both single layer and bilayer devices.

Comparing the emission spectrum of 5.2d with the extinction coefficient spectrum
(shown in Figure 5.9) it can be seen that in the affected region of the emission spectrum
between ca. 425 and 475 nm the extinction coefficient of the dopant complex is small,

1

at less than 1 x 10% dm?® mol™! ecm™!, and there is little excitation of the dopant at

these wavelengths. The Beer-Lambert law (equation 2.2) therefore suggests that the
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reduction in the intensity of emission due to self absorption is small over the thickness
of the emissive layer (ca. 75 nm) and that self absorption is not a significant effect in
these devices. A microcavity effect may consequently be the main cause of the distorted
emission spectrum for this complex.

The CIE coordinates of the single layer devices measured at peak brightness are
shown in Figure 5.13, showing the similarity in colour between FIrpic (0.18, 0.38)
and 4.2a (0.16, 0.38), and the blueshift seen for 5.2c¢ (0.16, 0.28). However, devices
containing complex 5.2d are not blueshifted further, with coordinates of (0.20, 0.31)

due to the distortion of the emission spectrum.

5.4 Functionalisation of FlIrpic with carbazole based moieties

This section reports the characterisation of two iridium complexes synthesised by Dr.
Yonghao Zheng in the Department of Chemistry. The structures of these materials 5.3a
and 5.3b are shown in Figure 5.14. In these complexes the ligands are functionalised
with 2,7-dihexyloxycarbazole moieties, which are strongly electron donating. They are
also expected to improve the solubility of the complexes, leading to reduced aggregation
in thin films. Complex 5.3a exhibits a HOMO level of -5.45 eV, which is 0.2 eV higher
than that of FlIrpic and suggests better hole injection [18].

While complex 5.3a is expected to retain the sky-blue emission colour of Flrpic,
complex 5.3b incorporates bipyridyl based ligands and as such is expected to exhibit

significantly blueshifted emission compared to Flrpic, similar to that of 5.2b and 5.2d.
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5.3a 5.3b

Figure 5.14: Chemical structures of the blue emitting iridium complexes characterised
in section 5.4. These aim to improve the solubility of Flrpic by functionalisation of the
ligands with carbazole based side groups, as well as blueshift the emission by use of a
bipyridyl based ligand in the case of 5.3b.

5.4.1 Absorption and photoluminescence spectra

The absorption spectra of 5.3a and 5.3b, shown in Figure 5.15, were measured in
10~® M toluene solution. Strong absorption peaks are seen in the region of 295 - 305
nm for both materials, with broad secondary peaks observed between 350 and 420 nm,
peaking at 364 nm for 5.3a and 381 nm for 5.3b.

Normalised photoluminescence spectra in toluene solution are shown in Figure 5.16,
showing that the addition of 2,7-dihexyloxycarbazole redshifts the emission compared
to the alkyl or mesityl substituted complexes already characterised. The excitation
wavelength was 400 nm. The emission spectrum of 5.3a, which peaks at 480 nm,

is redshifted by 11 nm compared to that of FlIrpic (Apaxpr, = 469 nm). This is a
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Figure 5.15: Extinction coefficient spectra of the carbazole-based iridium emitters 5.3a-
b and Flrpic in toluene solution.

larger shift than was observed for any of the complexes in section 5.2, and with CIE
coordinates of (0.14, 0.39) is more blue-green in colour than sky blue.

The bipyridyl complex 5.3b is blueshifted to Apaxpr, = 459 nm, and with CIE
coordinates of (0.16, 0.23) its photoluminescence emission is not as deep blue as the
corresponding alkyl and mesityl substituted complexes 5.2b and 5.2d.

Further investigation of the photoluminescence spectra of 5.3b in chlorobenzene
and chloroform solution carried out by colleagues in the OEM group revealed broad-
ening of the emission, which was not observed in toluene solution and is strongest in
chloroform solution. This may be due to the presence of both the strongly donating

carbazole and the strongly accepting difluoropyridine part of the ligand leading to an
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Figure 5.16: Normalised photoluminescence spectra of the carbazole-based iridium
emitters 5.3a-b and Flrpic in toluene solution. Excitation wavelength 400 nm.

ICT state. The dual emission is similar to that observed by Yeh et al. in tris-pyridyl

azolate based complexes [19]. Investigation into the nature of this emission is ongoing.

5.4.2 Characterisation of electrophosphorescent devices

Again, the complexes were tested in both single layer and multilayer devices using PVK
as the host and OXD-7 as the electron transport material, and TPBI as the evaporated
electron transport layer for the multilayer devices.

The structure of single layer devices fabricated was ITO // PEDOT:PSS (HIL 1.5)
// PVK:OXD-7:Ir (100:50:12, 78 nm) // Ba (4 nm) // Al (80 nm), while the structure

of multilayer devices was ITO // PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:8)
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Material ~Structure ® Turn-on ° E.Q.E. ¢ Device © Brightness ¢ Power ¢

voltage efficiency efficiency

/V /% /ecd ATt /edm™2  /Im W1

Flrpic S 8.0 1.9 4.1 720 1.4
5.3a S 7.0 5.3 13.1 1909 4.5
5.3b S 9.5 1.4 2.6 246 0.9
Flrpic M 6.0 7.8 17.0 1266 7.4
5.3a M 5.5 9.4 23.5 3998 10.4
5.3b M 7.5 4.3 9.1 597 3.3

Table 5.5: Summary of the performance of single layer and multilayer devices compar-
ing 5.3a-b and Flrpic in single and bilayer devices.

“: Device structure: S (single layer), M (multilayer) incorporating a 30 nm evaporated
layer of TPBI.

b. Voltage at which the device reaches a brightness of 10 cd m~2.

¢. Peak values for the device.

// TPBI (25 nm) // LiF (1 nm) // Al (100 nm). The device efficiency and brightness
data are summarised in Table 5.5. Figure 5.17 shows the J-V, L-V and device efficiency
data for both single and multilayer devices.

Single layer devices with 5.3a as the emitter are significantly improved in both
efficiency and brightness compared to Flrpic, which can again be attributed to reduced
aggregation in film than Flrpic due to improved solubility. The maximum efficiency
for 5.3a devices was 13.1 cd A~! and 5.3% E.Q.E. with a peak brightness of 1,909 cd
m~2 compared to 4.1 cd A~ and 1.9% E.Q.E. with a peak brightness of 720 cd m~2
for Flrpic. The bipyridyl complex, following the same pattern as the similar 5.2 series

bipyridyl complexes, exhibits reduced efficiency and brightness at 2.6 cd A~! and 1.4%

E.Q.E. and a peak brightness of 246 cd m~2.
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Figure 5.17: J-V, L-V and device efficiency data comparing 5.3a-b and Flrpic for
(panels a - d) single layer devices with structure ITO // PEDOT:PSS (HIL 1.5) //
PVK:OXD-7:Ir (100:50:12, 78 nm) // Ba (4 nm) // Al (80 nm), and (panels e -
h) bilayer devices with structure ITO // PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir
(100:50:8) // TPBI (25 nm) // LiF (1 nm) // Al (100 nm).
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Figure 5.18: Normalised electroluminescence spectra of the carbazole-based iridium
emitters 5.3a-b compared with Flrpic and complex 4.2a. Device structure ITO //
PEDOT:PSS (HIL 1.5) // PVK:OXD-7:Ir (100:50:8) // TPBI (25 nm) // LiF (1 nm)
// Al (100 nm)

The same trend is seen in the multilayer devices, except that higher brightnesses
and efficiencies as well as lower turn on voltages were obtained. The best performing
device was 23.5 cd A™! and 9.4% E.Q.E. with a peak brightness of 3,998 cd m~2
obtained using 5.3a as the emitter.

The electroluminescence spectra of complexes 5.3a-b in multilayer devices are
shown in Figure 5.18, along with that of Flrpic for comparison. The spectrum of
5.3a is redshifted compared to Flrpic, with a peak in emission at 483 nm, an 11 nm
shift from the emission peak of Flrpic which was seen at 472 nm in this set of devices.

This is also a redshift of 6 nm compared to 4.2a.
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The bipyridyl complex 5.3b is blueshifted compared to Flrpic with an emission
peak around 469 nm. This is comparable to the emission peak of the cyano substituted
complex 5.2c, although the device performance for 5.3b is not as good as that of 5.2c.
The emission spectrum of 5.3b has a much more intense tailoff than expected between
500 nm and 700 nm, this is similar to the dual emission seen by colleagues in the
photoluminescence spectrum of the complex in chlorobenzene solution. Investigations
into the nature of this emission are ongoing.

Finally, a set of devices was fabricated comparing the two highest efficiency com-
plexes tested in this chapter, 4.2a with the mesityl group and 5.3a with the carbazole
based group. The PEDOT:PSS used in these devices is the higher conductivity Clevios
HIL 1.1 instead of the HIL 1.5 used in previous devices. The device structure was ITO
// PEDOT:PSS (HIL 1.1) // PVK:OXD-7:Ir (100:50:8) // TPBI (32 nm) // LiF (0.7
nm) // Al (100 nm). Figure 5.19 shows the J-V, L-V and device efficiency data for
these devices.

Using the higher conductivity PEDOT:PSS significantly increases the current den-
sity of the device, but also increases the device efficiency and brightness due to improved
charge carrier balance. A maximum efficiency of 28.8 cd A~! and 11.4% E.Q.E. was
achieved for 5.3a, with a peak brightness of 13,350 cd m~2. This compares favourably
with 4.2a, which reached a maximum efficiency of 22.5 cd A=! and 9.7% E.Q.E. with
a peak brightness of 11,090 cd m~2. The better performance of 5.3a compared to 4.2a
could be explained by the greener emission of 5.3a however. The CIE coordinates of
the 5.3a emission were (0.18, 0.47) compared to (0.18, 0.40) for 4.2a in this device.

The effect of the change in PEDOT:PSS on the hole injection can be investigated
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Figure 5.19: J-V, L-V and device efficiency data comparing 5.3a with 4.2a in bilayer

devices with structure ITO // PEDOT:PSS (HIL 1.1) // PVK:OXD-7:Ir (100:50:8) //
TPBI (32 nm) // LiF (0.7 nm) // Al (100 nm).

further by comparing the J-V data on a Fowler-Nordheim plot, as described in section
2.6.1. The structure of these devices, fabricated as part of the same batch, was I'TO
// PEDOT:PSS (HIL 1.1 or 1.5) // PVK:OXD-7:4.2a (100:50:8) // TPBI (32 nm) //
LiF (0.7 nm) // Al (100 nm).

Plotting the J-V data on a log-log plot (Figure 5.20, left) shows three main regions
to the J-V data: a small dark current at low voltage (1) which may be due to thermally
generated free carriers or electron injection, a region dominated by hole injection (2)
and finally a bulk conduction region (3) characterised by SCLC (section 2.6.2). Region
1 is not seen in the device using the high resistivity PEDOT 1.5 as a hole injection

layer, where there is no current at all at low voltages.
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Figure 5.20: Left: log-log plot of the J-V data from devices with different PEDOT:PSS
hole injection layer. Right: Fowler-Nordheim plot of the same data showing the gradi-
ent of the hole injection region.

It can be seen from the Fowler-Nordheim plot shown in the right hand panel of
Figure 5.20 that the gradient of region 2 is slightly lower for the PEDOT 1.1 device
than for PEDOT 1.5, which indicates that the barrier height for hole injection has been
slightly lowered. A proper calculation of the barrier height (from equation 2.11) would
require the charge carrier effective mass for PVK of which there are few, if any, reports
in the literature. However by using the free electron mass as an approximate value for
effective hole mass, an indication of the barrier heights can be calculated resulting in
a barrier height of 0.21 eV for PEDOT 1.1 and 0.23 ¢V for PEDOT 1.5. This slight
reduction in the barrier for hole injection may explain the increase in efficiency when

PEDOT 1.5 is replaced by PEDOT 1.1 in these devices.
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5.5 Conclusions

In this chapter a range of new sky blue and deep blue iridium(III) emitters have
been characterised and tested in devices. The first series consisted of sky blue Flrpic
derivatives incorporating solubilising alkyl (5.1a-c) or mesityl groups (4.2a, 5.1d).
All emitters in this series outperformed commercially available Flrpic in single layer
devices, with 4.2a the best performing at a maximum efficiency of 10.1 cd A~ and
4.6% E.Q.E. and a peak brightness of 2,290 cd m~2, retaining the sky blue emission
of Flrpic. This was subsequently increased to 22.5 cd A~! and 9.7% E.Q.E. with a
peak brightness of 11,090 cd m~2 when a higher conductivity PEDOT:PSS was used
in conjunction with a 32 nm evaporated layer of TPBI as an electron transport layer.

The better performance of 4.2a over Flrpic is attributed to its improved solubility
in organic solvents, which results in reduced aggregation in thin film and reduced
concentration quenching in addition to its higher radiative yield.

The alkyl substituted complexes 5.1b-c showed broadened green emission in single
layer devices which was not observed in the solution or film photoluminescence spec-
tra. The intensity of this broadening was dependent on the concentration of the dopant
emitter and was originally attributed to an electroplex, but was not seen during subse-
quent investigation using a new batch of the material. This difference could therefore
be due to differences in material purity between batches.

The second series of emitters studied consisted of derivatives of the mesityl- and
t-butyl complexes 4.2a and 5.1a with cyano substituted or bipyridyl based ligands

to progressively blueshift the emission. The blueshift in emission reduces the device
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efficiency and brightness, but multilayer devices using cyano substituted 5.2c reached
a maximum efficiency of 13.0 cd A=! and 7.3% E.Q.E. at a peak wavelength of 467
nm and CIE coordinates of (0.16, 0.28). Devices with the bipyridyl complex 5.2¢ had
lower efficiency and an emission spectrum distorted by a device microcavity effect.

The reduction in device efficiency as emission is blueshifted could be due to quench-
ing by low energy dimer trap states in the PVK host, and further research into new
hosts and their suitability for deep blue dopants is needed for a high efficiency deep
blue OLED device.

Finally, the third series of emitters consisted of a sky blue Flrpic derivative and a
blueshifted bipyridyl complex with 2,7-dihexyloxycarbazole solubilising units. The sky
blue complex 5.3a outperformed both Flrpic and complex 4.2a, with the best device
fabricated reaching a maximum efficiency of 28.8 cd A=! and 11.4% E.Q.E. as well as
a peak brightness of 13,350 cd m~2, although the emission was slightly greener than
that of 4.2a and Flrpic. The blueshifted bipyridyl complex did not perform as well in
devices, but investigation is ongoing into the dual emission observed by colleagues in

its photoluminescence spectrum in more polar solvents.
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6 Characterisation of substituent effects on the mo-
lecular dipole moment and colour tuning of irid-

ium (IIT) complexes with carbazole-based ligands.

This chapter describes the characterisation of a series of tris-cyclometalated iridium
complexes in which the carbazole-based ligands have been systematically substituted
with either an electron withdrawing trifluoromethyl group or an electron donating
methoxy group. The work follows on from initial characterisation of these materials
that was performed during the final year research project of my MPhys undergraduate
degree [1].

Solution photoluminescence spectra show the effect that systematic chemical sub-
stitution has on the emission of the complexes, achieving colour tuning over a wide
wavelength range from green to red (Apaxpr from 505 nm to 630 nm). Additionally,
measurements of the solvatochromic shift in solvents of different polarity, as well as
the absorption strength of the metal to ligand charge transfer transition, correlate with
TD-DFT computational values of the molecular dipole moment of the complexes. The
molecular dipole moment affects the carrier mobility and therefore the device perfor-
mance.

The work presented in this chapter has contributed to the following publications:

1. Highly Efficient, Solution-Processed, Single-Layer, Electrophosphorescent Diodes
and the Effect of Molecular Dipole Moment. Hameed A. Al-Attar, Gareth C.

Griffiths, Tom N. Moore, Mustafa Tavasli, Mark A. Fox, Martin R. Bryce &
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Andrew P. Monkman, Advanced Functional Materials 21 (2011), 2376 - 2382

2. Colour tuning from green to red by substituent effects in phosphorescent tris-
cyclometalated iridium(III) complexes of carbazole-based ligands: synthetic, pho-
tophysical, computational and high efficiency OLED studies. Mustafa Tavasli,
Tom N. Moore, Yonghao Zheng, Martin R. Bryce, Mark A. Fox, Gareth C. Grif-
fiths, Vygintas Jankus, Hameed A. Al-Attar & Andrew P. Monkman, Journal of

Materials Chemistry 22 (2012), 6419 - 6428

6.1 Review

Substitution of functional groups onto the ligands of organometallic complexes is a
well established method to achieve shifts in the colour of emission. A number of stud-
ies have been published investigating the effect of substitution with different electron
donating or electron withdrawing groups on the emission colour of phosphorescent
complexes, such as that of Grushin et al. who substituted fluorine, trifluorylmethyl or
methoxy groups among others on aryl-pyridine based Ir complexes to achieve colour
tuning from ca. 500 to 595 nm in devices [2]. Meanwhile, Zhou et al. used different
electron-withdrawing main group (specifically Boron, Silicon, Germanium, Nitrogen,
Phosphorus, Oxygen and Sulphur) containing moieties to achieve colour tuning from
505 - 609 nm [3].

Colour tuning of iridium complexes has also been achieved by varying the ancil-
lary ligand of heteroleptic complexes. For example, You et al. [4] and Gu et al. [5]

demonstrated colour tuning from sky blue to red in photoluminescence spectra simply
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by changing the ancillary ligand. Chang et al. (Reference [6]) demonstrated a shift
from deeper blue (Apaxpr, = 455 nm) to orange-red (Amaxpr, = 574 nm), again with
ancillary ligand substitution, and further demonstrated thermally evaporated devices
in the green (Amaxpr, = 526 nm) that reached a peak efficiency of 23.2 cd A~! and
6.11% E.Q.E.

Few systematic studies of substituent effects on complexes with carbazole-pyridine
based ligands have been published. Yang et al. [7], as well as Bettington et al. at
the University of Durham [8], both reported large redshifts of 83 - 85 nm when the
carbazole-based moiety was substituted at the 2-position compared to at the 3-position.
The latter work describes the parent materials on which the materials investigated in
this chapter are based. Colour tuning from green to red in similar carbazole-pyridine
and carbazole-isoquinaline based complexes was also reported by Ho et al. [9] with
green (Amax,pr, = 508 nm) thermally evaporated devices obtaining a peak efficiency of
434 cd A7! and 12.9% E.Q.E.

An additional factor to consider is that the functionalisation of ligands with sub-
stituent groups also affects the dipole moment of the molecule. This could have fur-
ther effects on the optical and electrical properties of an OLED device, such as the
polarisation induced redshifts observed in electroluminescence with increasing dopant
concentration [10,11] as well as the charge transport properties of the material.

The solvatochromic shift, i.e. the degree of shift in emission as the solvent polar-
ity is increased, is often used as a measure of the dipole moment of a chromophore.
The solvent dipoles reorient on excitation, stabilising the excited state and lowering

its energy [12]. This leads to a redshift in emission as solvent polarity is increased
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(Negative solvatochromism can also be observed in some materials, where the emission
and absorption are blueshifted with increasing solvent polarity, for example as seen in
reference [13]).

The family of iridium complexes introduced in the following section have system-
atically substituted electron donating or withdrawing groups onto the ligands. As well
as characterising the effect that this has on the colour tuning of these complexes, the

effect of the change in molecular dipole moment was investigated.

6.2 Materials

The homoleptic tris-cyclometalated iridium complexes under investigation in this chap-
ter were synthesised in the Department of Chemistry at the University of Durham via
standard Suzuki-Miyaura cross-coupling reactions [16] and cyclometalation procedures
as published elsewhere [14,15]. The chemical structures of the complexes investigated
as part of this work are shown in Figure 6.1.

The parent materials 6.1a and 6.2a, with the isomeric structures [2-(Cz-3’-yl)-Py]s
and [2-(Cz-2’-yl)-Py]s respectively (where Cz denotes N-hexylcarbazole) have been
reported previously [8], with similar complexes reported by Yang et al. [7]. The substi-
tution of the pyridine unit onto the carbazole moiety at either the C-2 or C-3 position
on the ligand resulted in substantial shifts in photoluminescence and electrolumines-
cence characteristics, including a difference of 85 nm between phosphorescence emission
maxima that was observed between the two complexes.

These two parent complexes were substituted systematically with either an electron

withdrawing trifluoromethyl group or an electron donating methoxy group at two dif-
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6.2a 6.2b 6.2d 6.2e

Figure 6.1: Chemical structures of the family of iridium complexes investigated in this
chapter. Complexes 6.1c and 6.2c are not included as they were not investigated as
part of this work.

ferent locations on the pyridine unit of the ligand to study the effect this would have
on the fine tuning of their photophysical properties and their performance in OLED
devices. Complexes 6.1b and 6.2b have an electron withdrawing CF3 group substi-
tuted at the para position of the pyridine ring while 6.1d and 6.2d have the same unit
substituted at the meta position. Complexes 6.1e and 6.2e have the electron donating
OMe group substituted at the meta position of the pyridine ring.

Complex 6.1c, with the electron donating OMe group substituted in the para po-
sition, was synthesised using a different procedure to the others [15] and was charac-
terised separately. Due to the similarity in both photophysical properties and device
performance between this material and the parent complex 6.1a, the corresponding

series 6.2 complex 6.2c was not synthesised.
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Figure 6.2: Absorption coefficient spectra of series 6.1 and 6.2 complexes measured in
toluene solution.

6.3 Absorption and photoluminescence measurements

Initial photophysical characterisation of these materials were carried out previously
[1,14], and full characterisation of the parent materials 6.1a and 6.1b has also been
reported [8]. Further photophysical measurements were carried out in order to calculate
the photoluminescence quantum yields and absorption coefficients of the new materials,
and to determine the solvatochromic shift of emission in solvents of differing polarities
as an experimental measure of the molecular dipole moment.

Absorption coefficient spectra of series 6.1 and 6.2 iridium complexes as measured
in dilute toluene solution are shown in Figure 6.2. Strong absorption bands attributed
to ' — m* transitions are seen in the 310 - 330 nm region for series 6.1 and 330 - 390
nm for series 6.2. Strong bands observed between 360 - 400 nm for series 6.1 and 420
- 500 nm for series 6.2 are assigned to !MLCT transitions. These overlap with further
weak bands related to *MLCT transitions and 37 — 7* transitions at lower energies.

For series 6.1 materials, the relative strengths of the 'MLCT absorption bands

158



correlate with the strength of the of the molecular dipole moment. Substitution of an
electron donating MeO group in the meta position (complex 6.1e) has little effect on
the position or strength of the 'MLCT band. Substitution of the electron withdrawing
CF3 group (complexes 6.1b and 6.1d) results in a blueshift of approximately 20 nm
compared to the !MLCT band of the parent 6.1a and an increase in strength of the
'MLCT transition, with the strongest band observed when the substitution is in the
para position (complex 6.1b). The relative strengths of the e values of the 'MLCT
band compared to the peak 7 — 7* transition for series 6.1 increase in the order 6.1a
(0.21) < 6.1e (0.29) < 6.1d (0.45) < 6.1b (0.49) and are summarised in Table 6.1.
For comparison, the corresponding value for Ir(ppy)s in toluene solution was measured
to be 0.17.

In contrast, for series 6.2 materials, substitution of electron withdrawing groups
results in a 'MLCT band redshift of approximately 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>