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Abstract

This research is based on the synthesis and evaluation of novel liquid crystalline
materials with light-emitting and or charge-transporting properties. Some of the liquid
crystals (LCs) synthesised incorporate photopol ymerisable diene or methacrylate end
groups, situated at the peripheries of the molecular core. These photoreactive liquid
crystalline monomers are often termed reactive mesogens. The generation of linearly
and circularly polarised light emission have been observed and a White-Light Organic
Light-Emitting Diode (WOLED) fabricated from binary mixtures of LCs.

A series of fluorene-containing LCs have been synthesised for use as hole-transport,
electron-transport and el ectroluminescent materials. Many of these materials exhibit
nematic phases, which is beneficial for alignment due to the lower viscosity present in
the nematic phase compared to the smectic phase. Columnar LCs with low melting
points were synthesised by variation of the aliphatic groups at the 3,4,9,10-positions
of a perylene tetracarboxylate. A fluorene-containing material with perfluorinated
chains at the 9-position of the fluorene was synthesised, although the required LC
phase was not observed. High electron-affinity nitrogen-containing smectic LCs have
been synthesised with relatively low LC transition temperatures. These materials may
prove useful as electron-transport materials. An el ectroluminescent chiral nematic LC
was synthesised, which leads to the possibility of circularly polarised light. The
possibility of afull-colour LC-Organic Light-Emitting Diode (OLED) has been
demonstrated with the synthesis of ared-emitting material, a green-emitting material
and a blue-emitting material. All three materials are LCs with high glass transition
temperatures, which isimportant for device stability as these materials are not
reactive mesogens. A White-Light OLED has been demonstrated by the mixing of
two LCs. This nematic binary mixture when used as the emissive layer in an OLED
emits white-light that is voltage independent and not due to Forster energy transfer.
Consequently this mixture can be aligned and linearly polarised light emission has
been generated with a9:1 ratio. A series of perylene-containing LCs have been
synthesised for use as electron-transport materials in OLEDs or electron-acceptorsin

organic photovoltaics.
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Introduction

1. Introduction

Organic semiconductors are a class of organic materials that have found use in Organic
Light-Emitting Diodes (OLEDSs), Organic Field Effect Transistors (OFETS) and Organic
Photovoltaics. Organic Light-Emitting Diodes are seen as an alternative display
technology to Liquid Crystal displays.

The impetus behind the research in organic photovoltaics has been the search for cost-
effective photovoltaics. Polymer and oligomer organic photovoltaics could provide the

alternative technology to inorganic solar cells.

Thisintroductory chapter outlines the advantages and properties of organic

semiconductors as the active component for OLEDs, OFETs and organic photovoltaics.

1.1 Fluor escence

The Joblonski diagram, [ figure 1.01, shows the emission process when a molecule
acquires excitation energy. The excitation energy can be from an electrical current
(electroluminescence) or the absorption of photons (photoluminescence).

excited vibrational states
(excited rotational states not shown)
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Figure 1.01 Jablonski diagram.
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The S srepresent singlet states (with net spin angular momentum 0) and the T’ s, triplet
levels (with one unit of spin angular momentum). Each electronic level is made up of
many vibrational and rotational levels. Since the energy difference between one rotationa
level and another is of the order of 0.01 eV, the energies of rotational transitions are too
small for them to be observed. By contrast the energy differences between electronic
states and between vibrationa levels are several electron volts, and about 0.1 eV
respectively. Thus at room temperature, those electrons which can participate in a
transition leading to fluorescence (w-electrons) will be found populating the zero
vibrational level. When the appropriate energy is absorbed by amolecule, an electron is
raised from the zero vibrational level of the ground state to one of several vibrational
levels of the first excited state (Sp — S1). In a condensed medium, aliquid or solid, an
electron in ahigh vibrational level rapidly (10™* sec) loses its excess vibrational energy
in collisions with neighbouring molecules, a process called vibrational relaxation.
Therefore highly-aggregated organic molecules, such as perylene-diimides, are unsuitable
as emissive materials in organic light-emitting diodes (OLEDSs). Thisiswhy many red-
emitting materials are unsuitable for OLEDs as they have large dipoles, which induce
molecular aggregation. If the molecule can remain in its lowest excited state, Sy, for 10°°
sec or longer and there are no competing processes, then the situation is favourable for
this molecule to emit fluorescence radiation. The transition leading to fluorescence takes
place from the zero vibrational level of the first excited state to one of the vibrational
levels of the ground state. Excess vibrational energy in the ground state is lost by

collisions with neighbouring molecules.

1.2 Phosphor escence

Thetransition S; — Ty, shown in figure 1.01, represents another pathway of molecular
deexcitation from the first excited state, via a metastable level. This processis called
intersystem crossing, figure 1.01. A molecule with its excitation energy initstriplet level
can remain in this condition for arelatively long period of time, as long as several
seconds. Therefore this energy level is called a metastable level. On reverting to the

ground state, T1 — So, the molecule may emit intercombination radiation, called

S. P. Kitney 2



Introduction

phosphorescence, figure 1.01. The process whereby a molecule undergoes atransition
from atriplet state to asinglet state T; — So, without luminescence, the excess energy

being converted into heat, can aso be called intersystem crossing.

S+h—S—-> T —> S+ ho
Equation 1.01 Description of Intersystem Crossing

resulting in Phosphorescence.

Where Sisasinglet and T atriplet whose subscripts denote states (0 is the ground state,
and 1 the excited state), equation 1.01. Transitions can also occur to higher energy levels
from the ground state, S, but the first excited state is denoted for simplicity.

In recent years cyclometallated metal complexes have been the subject of extensive
studies as phosphorescent materials. Metal complexes have attracted attention because of
their long-lived excited states and high luminescence quantum yields applicable to
photoreductants, ¥ oxygen sensors, ¥ and emissive materials. [ The strong spin-orbit
coupling, caused by the presence of heavy metal ions incorporated in the complexes,
resultsin efficient intersystem crossing from the singlet to the triplet excited state.
Phosphorescent systems can be constructed by mixing alow concentration of a
phosphorescent “guest” dopant in afluorescent “host” material. The mgjority of the
host’ s non-emissive triplet excitons can then be harvested either by Forster transfer to the
singlet state of the guest complex followed by intersystem crossing to the guest triplet
state or directly by Dexter transfer from the triplet of the host to that of the guest giving
high device efficiencies as demonstrated by Baldo et al. ¥ Since phosphorescence arises
from a spin-forbidden rel axation, organometallic complexes containing heavy metal
atoms are often required to induce efficient intersystem crossing, such that the normally
spin-forbidden singlet to triplet transitions become highly efficient. Additionaly, these
complexes possess substantially reduced triplet lifetimes due to the strong spin-orbital
mixing induced by the heavy metal atom. Therefore, by using metal complexes the
internal quantum efficiency of emission can, in principle, approach 100%.
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1.3 Photoluminescence

Photoluminescence (PL) is the process whereby light is absorbed by the organic
compound and then re-emitted, usually at alonger wavelength, known as a Stokes shift.
(1 Absorbance of light by an organic molecule can promote an electron from the HOMO
to the LUMO, to giveriseto an- n* transition, which isfollowed by aradiative decay to

the ground state, figure 1.01.

Figure 1.02 Photoluminescence of Red, Green
and Blue organic materials (0.1% Wt/Wt in DCM).

Photoluminescence has been observed as long ago as 1640 when the first monograph of
phosphorescence was published by F. Liceti, entitled Litheosporus. Several centuries
later Herschel [ in 1845 reported that a solution containing sul phate of quinine emitted a
strong luminescence radiation when held in sunlight. The purpose of his report was to

point out the difference between this type of radiation and ordinary scattered light.

1.4 Electroluminescence

Electroluminescence (EL) and photoluminescence (PL) are related physical phenomena.

Since the discovery by Bernanose et al. ! that organic films subjected to an external

S. P. Kitney 4
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electric field can emit light, rapid development has led to high-brightness, thin film
organic light-emitting diodes (OLEDS) converting electrical current to light, a
phenomenon known as el ectroluminescence. Electroluminescence (EL) is the direct
conversion of electrical energy into light. Light emitting diodes (LEDs) are flat-panel
display devices, which emit light under the action of an electrical current passing through

athin layer of eectroluminescent material, figure 1.03.

Figure 1.03 Green Organic Light-Emitting Diode. [

Early attempts at electroluminescence devices were not particularly successful. However,
later developments, such as the introduction of vapour deposited thin films, % made it
possible for prototype devices to be made. Despite the fact that the EL efficiencies were
still rather low, these devices demonstrated, in principle, the commercia potential of the
fabrication of large-area light emitting devices. Major breakthroughs came in 1987 and
1989 when Tang and van Slyke [**' 14 constructed bilayer-Organic Light Emitting Diodes
(OLEDS) and in 1990 when Friend et al. ™ observed that conjugated polymers could
exhibit EL.

As discussed previously the phenomenon of phosphorescence can be utilised with EL for
the fabrication of OLEDs. In 1985, King et al. @ first synthesised triply coordinated
neutral fac-1r-(ppy)s (fac-trig 2-phenylpyridinato] Ir(111)) and investigated its
photophysical and photochemical properties. Ir(ppy)s in degassed toluene shows very
strong phosphorescence (Amax = 514 nm, phosphorescence yield @, = 0.4) emitted from
the predominantly metal-to-ligand charge transfer excited state at room temperature.

In 1999, Baldo et al. [** made an organic light-emitting diode with fac-Ir(ppy)s as a green
phosphorescent dopant. The OLED device can utilise all of the electrogenerated singlet
and triplet excitons, leading to ca. 100% internal quantum efficiency (min).
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Altering the chemical structure can produce ared phosphorescent dopant, Adachi et al.
(%3 made a red phosphorescent OLED with the use of (btpy)-Ir(acac) (bis[2-

(benzo[ b]thiophen-2-yl)pyridinato] Ir(111)-(acetylacetonate)) as a dopant. The red OLED
provided pure red el ectroluminescence [ CIE coordinates (x, y) = (0.68, 0.32)] with an

external quantum efficiency of ne« = 7%.

To fabricate highly efficient red-emissive OLEDS, it is necessary to search for red-
emissive metal complexes with large luminescence quantum yields. However, it is not
easy to find such a red-emissive complex, since the luminescence quantum yields tend to
decrease with an increase in the emission peak wavelength according to the energy gap

law, [16]

1.5 Inorganic Semiconductorsfor Light-Emitting Diodes

Electroluminescence from a ZnS compound was discovered in 1936 by French physicist
Destriau, ! when alarge electrical field was applied across a sample of ZnS. In the early
1960s the first LEDs emitting in the visible wavel ength region were based on GaAsP
compound semiconductors with externa efficiencies of only 0.2%. In comparison today
LEDs incorporating AlGalnP as ared emitter, have an externa quantum efficiency
exceeding 50%. Such LEDs can also emit orange, amber and yellow light. All colours of
the visible spectrum are covered as AlGalnN compounds can emit efficiently in the UV,
violet, blue, cyan and green areas of the electromagnetic spectrum. Figure 1.04 shows a
typical LED device structure commonly used in modern LED devices.
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LED Chip
{Semi Conductor) Dome Lens
Cathode Post S
» ! Anode Post

Anode Lead
(Positive) is longer than
the cathode

Cathode | ead
(MNegative)

Figure 1.04 Typical light-emitting diode device structure. 18

The first commercial thin-film EL products were introduced by Sharp [* in 1983. Since
1983 the commercia EL display industry has progressed from the technical novelty stage
to its present status as one of the three major flat panel technologies with a broad user
group in awide range of applications. This has led to the fabrication of the first
multicolour thin-film EL displays® fulfilling customers requirements, figure 1.05.

Figure 1.05 Full colour inorganic LED display 2.

However, inorganic LEDs are not within the scope of this thesis so will not be discussed

further.

1.6 Organic Semiconductors

Metals are good conductors because they have their upper energy band partly filled with
electrons. This band is called the valence band (VB). Because the VB is partly filled,
electrons can flow and hence conduct electricity. However, insulators have their VB
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filled so for the electrons to flow they must occupy the next available empty energy level.
Thisistypically afew electron volts (eV) above the VB and is called the conduction band
(CB). The energy gap between the VB and the CB is large and hence electrons cannot
ordinarily occupy the CB. Therefore there is no electrical conduction. In semiconductors
though the energy gap between the VB and the CB is smaller. This means that some
electrons can get excited, thermally or through an applied field, from the VB to the CB
and hence they can conduct electricity, figure 1.06.

I nsulator Semiconductor Conductor
Empty Empty
} CB } CB } CB
Large energy gap Small energy gap
OOOOOOOOOOOOO P t |
Filled } Ve fi|?re(;|a\l/é
VB

Band
Energy

Figure 1.06 Energy bandsin an inorganic insulator, semiconductor and conductor

Organic molecules are known generaly to be insulators but when a high degree of
conjugation is present they may act as semiconductors. This is because in a carbon-
carbon double bond the sp, orbitals overlap to form a pair of = molecular orbitals. The
lower energy level = orbital is the bonding MO and the higher energy n* orbital is the
anti-bonding MO. In semiconductor terms, the bonding and anti-bonding orbitals can be
referred as the VB and CB respectively and there is therefore a bandgap between them.

The essential property which comes out from conjugation is that the = electrons are much
more mobile than the ¢ electrons, they can move from site to site between carbon atoms

with a low potential energy barrier (delocalisation) compared to the ionisation potential.

S. P. Kitney 8




Introduction

The © electron system is responsible for all the essential electronic features of organic

materias: light absorption and emission, charge generation and transport.

1.7 Organic Light-Emitting Diodes

In the past decade there has been a massive amount of research in academia and industry
involving the synthesis of new organic semiconductors along with evaluation of their
physical properties for optoelectronic and electronic applications. (%

OLED isused as ageneral term for LEDs composed of organic materials containing
organic semiconductors as the active charge-transporting and light-emitting components.
However, they can be split into two general groups: thefirst is small-molecule OLEDs,
[23.24] the second are known as polymer-based LEDs or PLEDs. [*¥ Both types of device
have gained serious industrial interest over the past ten years, with some displays
appearing on the open market in recent years. However, these OLEDs have arelatively
low information content and size compared to liquid crystal displays (LCDs) and plasma
panel displays (PDPs). Problems with small-molecule OLEDs include processing costs
and differential aging of the chromophores. Polymer OLEDs have poor multilayer
capability due to interlayer mixing during solution processing. These problems are
associated with the pixellation techniques (shadow masking and printing respectively)
due to the type of material used in each display, vacuum deposition for small molecules

and deposition from solution, eg, spin coating, doctor blade techniques or ink-jet printing.

A further problem of using organic materials for light-emitting devices is that the
emission spectra of -conjugated molecules are very broad, typically with afull width at
half-maximum (FWHM) of 50 to 100 nm. This causes problems with colour purity, often
resulting in molecules that will have mixed emission such as blue-green. Thisis caused
by the vibrational and rotational motion of atoms inside the n-conjugated molecules.
Despite this problem sharp red-green-blue emission has been demonstrated from OLEDs
based on organometallic materials, such as europium chelates, aggregated structures such

as cyanine dyes or layered inorganic-organic perovskite compounds. > 2% Unfortunately
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the quantum efficiency of these materialsistoo low to make them suitable for device

purposes.
1.7.1 OLED Device physics

The internal EL quantum efficiency, nin, Of an OLED, i.e. the ratio of the number of
photons emitted per electronsinjected and is given by

Nint = YNRPF
Equation 1.02

where vy is the ratio of exciton-forming events to the number of electrons flowing in the

external circuit, O is the quantum efficiency of fluorescence and 1 is the efficiency of
singlet formation.
MNint = 2n211ext
Equation 1.03

The quantity neq can be experimentally determined. However, the external efficiency [*-
9l is much lower than the internal efficiency due to internal reflection, i.e., photons
emitted cannot be detected because a large number of the photons emitted are lost within
the device as heat. Therefore, the external efficiency, nex is reduced by a factor 2n?,
where n is the refractive index of the organic material. It isimportant to consider the ratio
of output light of the device to input of the electric power. Thisratio is called the power

[30]

efficiency ", npow. The power efficiency can be determined from e using the known

values of the applied voltage U and the average energy of the emitted photons Ej,

— -1
Npow = Next EpU
Equation 1.04

S. P. Kitney 10
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However, the el ectroluminescence efficiency is clearly limited by the quantum efficiency
of photoluminescence. If, however, the lowest energy excited states are strongly bound
excitons (electron-hole pairs in singlet or triplet states), the theoretical limit for the
guantum efficiency of electroluminescence is 25% of the corresponding quantum
efficiency for photoluminescence: an electron in the = -band and a hole in the n-band can
form atriplet with multiplicity of three or a singlet with multiplicity of one, but only the
singlet can decay radiatively. However, if the cross section for an electron-hole pair to
form a singlet bound state is significantly higher than the cross section to form a triplet
bound state, the ratio of EL quantum efficiency to PL quantum efficiency would be
correspondingly larger than that predicted by the simple statistical argument given above,
therefore larger than 25%. If the electron-hole binding energy is sufficiently weak, the
maximum quantum efficiencies can theoretically approach that of the PL. In the weak
interaction limit, electron-hole pairs in a triplet configuration would simply scatter but
not recombine. Eventually the spin-orbit interaction would cause a spin-flip after which

singlet formation and radiative recombination could occur.

OLEDs have been demonstrated to exhibit a brightness in excess of 200 cd m? at
reasonably low voltages. Values of 1000 cd m™ have been reported ¥ at much higher
voltages. Figure 1.06 shows a schematic energy level diagram of a generalised single

layer organic device.
1.7.2 Single layer OLEDs
The simplest OLED is composed of asingle thin film of the active organic material (30 —

500 nm), which is sandwiched between a metallic cathode and transparent anode, figure
1.07.
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+

[Emissive Layer

[TC Anode

Glagg Substrate

Figure 1.07 A typical single layer device structure.

Electrons and holes, which are injected into the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) respectively, figure 1.08,
drift through the organic film under the influence of the applied electric field. The
coulombic attraction between an electron and hole at the same chromophore site results
in the formation of an exciton, a bound electron-hole pair, which recombines to produce

luminescence called recombination radiation.

LUMO | Excited singlet

hv
LUMO v y /|
t LUMO4  Excitedtriplet
HoMmoO | ¥
4
HOMO|

Figure 1.08 Diagram depicting singlet and triplet excited states.
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If however the charge carriers move through the organic layer, due to the applied electric
field and reach the oppositely charged electrode, they are non-radiatively discharged.

This processis summarized in figure 1.09.

(a) Hole injection and transport,
(b) electron injection and
transport, (c) electron leakage

A

\ 4

- (@ _ (b
Coulomb[*
Capture

() (d)

current, (d) hole leakage current,
(e) hole-electron recombination
to form singlet excitons, (f)
recombination to form triplet
excitons, (g) intersystem crossing ; (9)
from singlet to triplet manifold Singlet
(h) triplet-triplet annihilation to S=0
form singlet states, (i) non- \ (h)
radiative decay of singlet states,

() radiative singlet emission of 0} () (K)
light, (k) non-radiative decay of

triplets to ground state. X

Ground State

() (f)

\ 4

Triplet

a
i
=

Figure 1.09 Diagram depicting charge carrier pathways.

Vacuum Leve

A A A

EA
(Dcathode
IP

barrier for electrons:
HOMO
Anode

EA - (Dcathode
barrier for holes: |~
IP - q)anode

Figure 1.10 Energy barriers for charge injection for asingle layer OLED 2

S. P. Kitney 13



Introduction

The diagram shows the work functions of the anode and the cathode (®an0de aNd Dcathode
respectively), which depends on the nature of the electrodes used, the electron affinity
(EA) and the ionisation potential (IP) for an active organic material. The energy barriers
for charge injection depend on the relative positions of the energy levels (EA, IP) of the
active layer and the work functions (®anoge and Dcanoge) Of the electrode materials used.
For efficient charge injection the work function of the cathode must match the electron
affinity of the organic material and the work function of the anode should match the
ionisation potential of the organic material. Another problem that occurs in single layer
devices is that most active organic materials conduct holes/electrons at different rates.
For example PPV has higher mobility of holes than electrons. This results in an
unbalanced charge injection and recombination will occur near the cathode, figure 1.11,

where quenching occurs, ¥

]

, O@® .

Recombination
zone

Figure 1.11 Formation of excitons near the cathode due to unbalanced charge injection and transport.

Additionally many holes pass directly through the organic material without recombining
with any electrons, causing only heat to be generated. In order to overcome these
problems, where the work function of the cathode and anode should match the HOMO
and LUMO energy levels of the EL material for balanced charge injection two or more
organic layers with specific functions can be used, seefigure 1.12.

S. P. Kitney 14



Introduction

1.7.3Bi-Layer OLEDs

A two layer device was first demonstrated by Friend et al. *¥ using PPV as the hole-
transporting emissive material and an el ectron-transporting/hole-blocking layer of 2-
(biphenyl-4-yl)-5-(tert-butylphenyl)-1,3,4-oxadiazole (PBD). Thisresulted in an
eightfold increase in efficiency compared to asingle layer PPV device. This results from
an improvement in transport mobilities of the charge carriers, alowering of the potential
energy barrier for charge injection and importantly helps prevent charge recombination
close to the electrode-emissive layer interface. A typical bi-layer deviceis shownin
figure 1.12, in the device of Friend et a. the emissive layer was PPV and the electron-
transport layer (ETL) was PBD, |luminescence is shown by the blue arrow, which occurs

once hole-electron recombination occurs.

[Emissive Layer

[TC Anode

Glagg Substrate

Figure 1.12 A typical bi-layer device structure.

1.74Tri-Layer OLEDs

A typical tri-layer OLED, figure 1.13, consists of a glass substrate with a transparent
anode deposited on top, the anode isindium tin oxide, ITO, asit is one of the few

transparent anodes. A hole-transporting layer (HTL) is then deposited on top followed by

S. P. Kitney 15
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the emissive layer thisis where hole and electron recombination is required, ideally away
from the HTL or ETL interfaces. The hole and e ectron recombination is depicted by the
red circles, holes, and grey circles, electrons, the diagram shows the ones that recombine
produce excitons which deactivate by emission of either fluorescence or
phosphorescence, shown by the blue arrow. The next layer deposited is the electron-
transport layer, ETL, thisis often amaterial with a high electron affinity and high
ionisation potential. The final layer is the cathode, which is an electropositive metal with
a high-workfunction, this can be aluminium, calcium, silver or magnesium. Often athin
layer of lithium fluoride is deposited on top of the ETL to prevent recombination at the
cathode.

Glagg Substrate

Figure 1.13 A typical tri-layer device structure.

The presence of hole-transport and electron-transport layers reduces the energy barriers
for the injection of charge carriers from electrodes, hence facilitating charge injection
from the electrodes and |eading to a better balance in the number of holes and electrons.
At the same time both layers block charge carriers from escaping from the emitting layer,
confining injected holes and electronsto it. The tri-layer device wasfirst developed by
Adachi et al. * The main advantage of atri-layer device being that the emissive layer
can be very thin allowing electrons and holes to be confined to asmall area, therefore
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improving brightness and efficiency. The latest development of atri-layer device is now
more likely to be a device containing seven or eight layers, including a hole-blocking

layer (HBL) and electron-blocking layer (EBL).

1.8 Hybrid Organic-Inorganic Light-Emitting Diodes

Some inorganic nanocrystals emit visible light with sharp emission spectrathat are less
than 30 nm FWHM. These nanocrystals are in reality quantum dots and because they
confine their charge well within their small volume, a high quantum efficiency of 50% is
possible. It would therefore make sense to assume that quantum dots incorporated into
organic material in an OLED would provide excellent emission. * Electroluminescence
has been observed by simply mixing inorganic nanocrystals with r-conjugated polymers.
However the emission efficiency was far lower than that of conventional polymer

LEDs. ©*"

A magjor advantage of using quantum dotsin an LED device is the ability to incorporate a
single layer of molecules, meaning electrons and holes may be t