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Abstract

Because of their excellent properties and low energy requirement, organic light
emitting diodes (OLEDs) are commonly used in display applications. Improve-
ments and new concepts are widely studied, scientifically as well as commercially.
This advancement has brought forward novel, innovative technologies like bendable
or transparent displays, as well as increased efficiency and stability of established
devices. Nevertheless, due to their amorphous nature, regular OLEDs only emit

unpolarised light.

In this thesis, the development of a highly functional circularly polarised OLED
(CP-OLED) is pursued, characterised by both, excellent device performance and
large circular polarisation (CP) effects. To quantify these effects, a measurement
set-up for circularly polarised electroluminescence (CP-EL) is assembled, and dif-
ferent ways to evaluate and present this data are developed. For best expressiveness
and comparability, the g value at the wavelength of the EL spectrum maximum

(g@maxEL) is reported here.

As chosen CP-OLED systems, devices from three categories are analysed:

1. I-CPL emitters
2. one component systems

3. mixed systems

With the exception of intrinsic CPL approaches, all systems require thermal an-
nealing to produce a chiral liquid crystalline phase, which is responsible for later
CPL emission. For this, ideal curing conditions are developed for each system. All

materials were evaluated in thin film as well as in OLED devices.

Firstly, two helicene based molecules, [H1-Me, and [ThiahelalkBZT, are utilized
as potential intrinsic CPL emitters. As expected from calculations and simi-

lar materials in literature, no measurable CP-effect is found. Additionally, both



molecules are tested as chiral inducers within an F8BT matrix. As such, they

achieve g@maxEL values of up to 0.42 and 0.41, respectively.

Secondly, multiple chirally functionalised polyfluorenes (PFs) are analysed as one
component CP-OLED systems. Both, homo- and co-polymers are compared. To
minimize complexity, CP-OLEDs are also built in a cavity system, thereby reduc-
ing the number of emission peaks. The disruptive influence of keto-defects within
the chirally functionalised polymer is explained. Based on the position of the chiral
centre, an odd-even-effect resulting in opposite handedness for circular dichroism
(CD) and ggp, curves is found. Over all, g@maxEL values of up to —0.55 are mea-

sured with chiral side chain functionalised PFs.

Thirdly, an F8BT based mixed CPL system is analysed in depth. The opposite
CP-effect of both chiral inducer enantiomers, R5011 and S5011, is demonstrated.
As was done for all polymer based systems, ideal curing conditions to achieve
maximum CP-effects are developed. Supported by DSC measurements, required
curing times and temperatures increase with increasing molecular weight of the
polymer. Best CD and ggy, values are found for a M, of 7 - 21 kg/mol. The result
of thickness variations of different layers within this stack are explained and strate-
gies to reduce cathode reflections leading to optical interference are proposed. The
influence of the chiral inducer concentration is analysed. It is demonstrated that
using different enantiomeric excess (e.e.) ratios of both chiral inducer enantiomers
with a constant combined chiral inducer concentration produces more comparable
results than changing the chiral inducer concentration directly. CP-effects of a spe-
cific effective chiral inducer enantiomer concentration are equivalent to the same
chiral inducer concentration with only one enantiomer used. Over all, g@maxEL
values of up to —1.12 are found with F8BT 4 R5011 mixed systems.
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1 Aims and concept

1.1 Introduction

With the first publication about organic light emitting diodes (OLEDs) by Tang
and Van Slyke [1], a new scientific field was initiated. Generally, an OLED only
requires a single layer of an organic emitter material between two electrodes. How-
ever, through the addition of multiple supporting layers, device performance and
efficiency can be increased significantly. For this reason, all modern OLEDs consist

of multi-layer stacks of precisely matched materials.

Early OLED systems relied solely on fluorescence as origin for emission. In elec-
troluminescence, however, spin statistics restricts the amount of singlet excitons
required for fluorescence to only 25 %. To bypass the severely limited maximum
achievable internal quantum yield, later OLED generations also utilised the gen-
erated triplet excitons. This was achieved by the introduction of phosphorescent

emitters, and later thermally activated delayed fluorescence (TADF) emitters.

Since then, OLEDs have not only been a topic of interest in science, but found
widespread commercial application. A wide variety of high performance materials
with different features is already available, and countless more specifications can

be implemented through synthesis.

OLED displays established a new benchmark and are, therefore, widely used today
in TVs, tablets, mobile phones and microdisplays. They stand out for their excel-
lent quality, even in comparison to the much older and therefore perfected LED
technology. OLED displays excel through crisp and sharp colour contrasts and
deep blacks thanks to individual access to each pixel instead of using a uniform
background lighting panel, as is typically the case in LCD displays. Also, the low
energy consumption and high efficiency makes them perfect for display technolo-
gies. Because of these benefits, OLEDs have found a permanent spot, especially

in high class portable electronics like mobile phones and smart watches.

Besides these typical applications, OLEDs can facilitate new and interesting fea-

tures. Because of the amorphous nature of the materials, OLEDs can be created
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on flexible substrates. This allows for the production of bendable or even rollable
displays. Flexible light elements could even be incorporated into clothing. By
replacing the typically reflective metallic electrodes with transparent materials, it
is also possible to create transparent displays. These extraordinary devices can be

used as design elements, for example in interior decoration or show windows.

While OLEDs have only a very small market share in lighting applications to-
day, they have the potential to be used as high quality light panels, since organic

emitter materials with broad emission spectra generate warm, natural light.

A common aspect for all OLEDs, however, is the polarisation state of their emis-
sion. Most organic materials used in OLEDs are amorphous, which means the
chromophores are randomly oriented. This leads to an over all unpolarised emis-
sion. By incorporating an element of order, however, it is possible to directly

generate polarised emission.

In 1995, Inganés et al. published an early example of a linearly polarised OLED.
By stretch-orienting their emitter polymer, they achieved an intensity ratio of 2.4:1
between the electroluminescence measured parallel and perpendicular to the ori-

entation direction [2].

Through incorporation of a chiral element, it is even possible to achieve direct
emission of circularly polarised light. In 1997, Meijer et al. reported the first
example of a partially circularly polarised OLED (CP-OLED) [3]. Since then, sev-
eral such examples have been published with various methods. The most obvious
approach to generate CP-OLEDs is using a chiral chromophore. However, while
several different chiral emitters have been reported, they typically only exhibit
very small CP-effects, or poor OLED device performance. Much better results
have been achieved by generating a chiral phase in emissive polymers. This can
be done by chiral functionalisation of the polymer, or by adding a chiral inducer.
The best result of a CP-OLED with good device performance achieved a ggy, of
1.13, which represents the presence of 78 % of the dominant handedness [4].
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Current OLED research mostly addresses two main areas. On one hand, already
existing concepts are improved. This is done by enhancing systems, or creating new
materials and techniques. Studied topics include increased efficiency, improved de-
vice architectures for light outcoupling, and variation of emission features. On the

other hand, new application concepts are created.

The CP-OLEDs investigated in this work can contribute to both areas. In displays
with anti-glare filters, they can significantly increase the outcoupling efficiency,
which is especially valuable for portable devices with a limited power source. As
a novel application, CP-OLEDs could provide the next generation of 3D displays.
They could combine all the previously mentioned benefits of OLEDs with stunning
3D technology, replacing current bulky and poorly performing 3D technologies.
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1.2 Concept

The aim of this work is the fabrication and characterisation of CP-OLEDs.

A suitable OLED stack architecture needs to be chosen. This includes the choice
of material for supporting layers and matrix materials, as well as their layer thick-
nesses. For all systems, ideal preparation conditions are to be found, consisting
of curing times and temperatures. Other strategies, like the implementation of
alignment layers (ALs) or solvent vapour annealing (SVA) treatment, are inves-
tigated. As an indicator for chiral environments, circular dichroism (CD) curves

can be calculated from Mdiller Matriz (MM) ellipsometry measurements.

To quantify circularly polarised (CP) effects, a measurement set-up for polarised
electroluminescence needs to be constructed. Appropriate sample measurement

and data evaluation procedures have to be developed.

Three distinct systems will be investigated and their usability as materials for
CP-OLEDs is to be evaluated:

1. Intrinsic CPL emission from chiral molecules.

The two helicene based molecules [H1-Me, and [ThiahelalkBZT are examined
as potential I-CPL emitters embedded in a PVK matrix. Additionally, their

functionality as non-emissive chiral inducers within an F8BT matrix is to be

compared.

2. Extrinsic CPL emission from chirally functionalised polymers (one
component systems).
Different chirally functionalised polyfluorenes (PFs) are compared, repre-
senting homo- or co-polymers. The alkyl side chains differ in length and the
position of the chiral centre. The influence of the polymer molecular weight
is to be estimated. The disruptive effect of keto-defects within such polymers

is to be evaluated.
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3. Extrinsic CPL emission from a mix of achiral emissive polymer and
non-emissive chiral inducer (mixed systems).
As an example for a mixed system, the emissive polymer F8BT with the
chiral inducer R5011 is to be studied. The influence of different system vari-
ations is to be explored. This includes the CPL performance of different
F8BT batches with various molecular weights, as well as different chiral in-

ducer concentrations.
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2.1 Photophysical properties

Many organic molecules with a large conjugated m-system can display
photoluminescence (PL), which is the emission of light upon relaxation of an
excited state. For emitted light in the visible spectrum, a band gap AFg. of
1.7 €V to 3.0 eV between the highest occupied molecular orbital (HOMOI) and the
lowest unoccupied molecular orbital (LUMO)) is necessary [5]. While many differ-
ent forms of luminescence are possible, this work focuses on the two types [PLland

electroluminescence (EL).

The possible radiative (coloured arrows) and non-radiative (wavy arrows) tran-
sitions between different energetic levels are best illustrated with a Jablonski dia-
gram. The electronic (thick lines) and vibrational (thin lines) energy levels shown
in fig. are superimposed to focus only on the transitions. A more accurate rep-

resentation of this diagram based on the Morse-potential is given in chapter [2.1.1.

>
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Fig. 2.1: Optical excitation and light emission in organic semiconductors. The
Jablonski diagram depicts the ground state Sy as well as a singlet ex-
cited state (S;) and triplet excited state (7;); with A: absorption, F:
fluorescence, P: phosphorescence, VR: vibronic relaxation, IC: internal
conversion, ISC: intersystem-crossing. Based on a model from [6].

Here, the excited species is generated through optical excitation. After absorp-
tion (A, blue arrow) of light with sufficient energy, an exciton is formed. Several

transitions can occur from there, which also apply to excitons created through
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other processes, for example electrical excitation. Vibronic relaxation (VR, ver-
tical wavy arrow) represents a non-emissive deactivation process. The transition
between a singlet and triplet state is called intersystem crossing (ISC), horizontal
wavy arrow). A horizontal transition between two states of the same multiplicity
is called internal conversion (IC, horizontal wavy arrow). As emissive deactivation
processes, fluorescence (F, green arrow) or phosphorescence (P, red arrow) are pos-

sible. The sequence and conditions for each pathway are explained in chapter[2.1.1.

2.1.1 Photoluminescence

If a material is excited optically, for example through irradiation with a light
source, the deactivation process is called [PL. Depending on the excitation light
wavelength, absorption (A) from a singlet ground state Sy to a singlet excited state
S; occurs. In accordance with the Franck-Condon principle, "vertical" transitions
with similar vibrational wavefunctions of ground and excited state are preferred.
Therefore, the initial excitation is most likely to occupy a vibronically excited
level of an upper electronic state. The empiric Kasha rule suggest a subsequent
non-radiative vibrational relaxation (VR) into the lowest vibrational level of S;.
From here, fluorescence (F), a radiative transition between two singlet states,
can occur. The Franck-Condon principle still applies, leading to relaxation into
multiple vibrational ground state levels which results in a vibrational microstruc-

ture in emission spectra |7, 18, 9.

So+ hv — ST — So + hv (2.1)

Fig. shows the sequence of steps leading to fluorescence. The transitions are
analogous to the Jablosnki diagram shown in fig. 2.1 However, this illustration

features Morse potential energy curves.
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Fig. 2.2: Sequence of steps leading to fluorescence. After absorption (A, blue arrow)
from the ground state Sy, vibronic relaxation (VR) into the lowest vibronic
level of S; occurs. From here, fluorescence (F, green arrow) back into
Sp can follow. Morse potential curves show potential energy levels over
intermolecular separation r. Based on a model from [§].

From a vibrational ground state of an electronically excited state S, ,—¢, horizontal
transitions into high vibrational levels of a lower electronic state can occur. This
transition is called internal conversion (IC) if it occurs between states of the same
multiplicity (e.g. singlet to singlet). IC is usually followed by VR, which represents

the most unfavourable course if strong light emission is desired.

The horizontal transition between a singlet and triplet state is called intersystem-
crossing (ISC) and involves a quantum mechanically 'forbidden" spin flip. For
nonradiative horizontal transitions, overlapping vibrational levels are beneficial.
ISC is favoured by strong spin-orbit coupling, which dissolves the forbidden na-
ture of the transition, and can therefore be promoted by the presence of heavy
metal atoms like iridium. The radiative transition from 7T; to S is called phos-
phorescence (P). Since this transition, too, requires a "spin-forbidden" flip, ex-

cited triplet states usually display much higher lifetimes than singlet states [10} [11].

10
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Fig. [2.3] shows the sequence of steps leading to phosphorescence.
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Fig. 2.3: Sequence of steps leading to phosphorescence. After absorption (A, blue
arrow) from the ground state Sy, vibronic relaxation (VR) into the lowest
vibronic level of S; occurs. The spin "forbidden" intersystem-crossing
(ISC) into the triplet T'; state, as well as a subsequent VR into the lowest
vibronic level, follows. From here, phosphorescence (P, red arrow) back
into Sy can occur. Morse potential curves show potential energy levels
over intermolecular separation r. Based on a model from [g].

2.1.2 Electroluminescence

For [PL, the molecules are excited directly. Therefore, only one molecule is required
to form an exciton. For [EL, multiple molecules are involved in the exciton genera-
tion process. Positive (holes, h™) and and negative (electrons, e™) charge carriers
are injected from their respective electrodes, from where they are transported to-
wards the opposite electrode. The exciton (S7) is formed through recombination.
A detailed explanation of the basic processes in OLEDs is given in chapter 2.2.1.

This has a direct impact on spin statistics for the multiplicity of the generated

excitons. In|PL, the excitation of a singlet ground state will also produce a singlet

11
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excited state. To produce a triplet excited state, a spin "forbidden" ISC would
be required. In [ELl however, the recombination step of the two opposite charge
carriers involves two molecules. Depending on the spin of the hole and electron,

the chances to form a singlet or triplet exciton are 25 % and 75 %, respectively [12].

4h* +4e” — 157 + 3T) — So + hv + heat (2.2)

While the number of triplet excitons is typically much higher in [EL than in [PL}
fluorescence and phosphorescence can occur in both processes. Chapter [2.2.2 ex-

plains how these processes were utilised in different OLED generations.

12
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2.2 Organic light emitting diodes (OLEDs)

For display applications, OLEDs have already achieved a considerable market
share. Advantages of OLED systems include lower power consumption, potentially
lower production costs and the possibility to use bendable substrates. While OLED
lighting applications are less common, OLED displays for T'Vs, cellphones or wear-
ables are quite popular today due to their high colour contrast and extremely low
black level. As difficulties with stability and lifetime are being conquered, new and
exciting technologies like transparent display TVs and flexible display cellphones
are moving from the prototype stage on to the market [13, [14} [15] [16], 17, [18].

2.2.1 OLED basic processes

The simplest OLED structure consists of an emissive organic semiconductor be-
tween two electrodes. The operation principle of an OLED can be described in

four steps:
1. charge carrier injection
2. charge transport
3. charge recombination and exciton formation

4. light emission upon exciton decay

These four steps are illustrated in fig. 2.4

13
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Fig. 2.4: Schematic illustration of the basic processes in a single-layer OLED. Upon
applying a sufficient voltage, charge carriers are injected (1). From the
anode, holes are injected into the HOMO, and from the cathode, electrons
are injected into the LUMO of the organic semiconductor. Charge carriers
are transported towards their opposite electrode (2) along the [EMO&.
Upon recombination (3), an exciton is formed. Through radiative decay
of this exciton, light is emitted (4).

Upon applying a voltage at the electrodes, charge carriers can be injected into
the organic semiconductor. This voltage must be large enough to overcome the
injection barrier between the Fermi level of the electrodes and the frontier molec-
ular orbitals (FMOE) of the organic material. From the anode, holes are injected
into the [HOMOQ! and from the cathode, electrons are injected into the [LUMQ| of

the organic material.

In contrast to the discrete energy levels in the valence and conduction band of
inorganic semiconductors, the amorphous structure of organic materials leads to
a statistical distribution of [FMOQ|energy levels. This so called density of energetic
states (DOS) shown in fig. 2.5 follows a Gaussian distribution [7, [14} 19} 20].

14
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LUMO

Fig. 2.5: Density of states (DOS) and hopping transport for organic semiconduc-
tors. Filled (HOMO) and empty (LUMO) energy levels are indicated in
black and grey, respectively.

After injection, charge carriers travel towards the oppositely charged electrode.
Charges are delocalised within a conjugated 7-system, which can be located within
one molecule, or a section of a polymer. This limits their drift length to a molecule
or a few nanometers in a polymer chain segment. Charge transport can be de-
scribed as a "hopping" process, where charges jump from one molecule or polymer

section to the next.

Within the statistically distributed [DOS| individual energy sites can be slightly
higher or lower than the average. Each hopping step is a thermally activated pro-
cess. Deeper local potential energetic barriers are typically called traps. While
shallow traps can be overcome by thermal activation, the required energy for deep
traps can be too high. This can lead to light emission at a higher wavelength, or

even loss of the charge carrier to vibronic relaxation [7, [14] 19 21], 22].

While opposite charge carriers migrate through the bulk towards their correspond-
ing electrode, Coulomb attraction leads to their recombination and the formation
of an exciton. Spin-statistics state that the ratio of singlet to triplet excitons is 1:3
[7, 23]. Possible radiative and non-radiative pathways for excitons are analogous

to the processes described in chapter )

15
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Radiative decay of those excitons and subsequent emission of light is called [ELL
Depending on whether the emission originated from a singlet or triplet exciton, flu-
orescence or phosphorescence can occur. The wavelength of the emitted photon is
determined by the difference of energetic levels. While not desirable, non-radiative
relaxation is also a possible pathway, which often accumulates in decaying devices
[T, 23].

As stated in the beginning of this chapter, these basic OLED processes can al-
ready occur in a single-layer device. However, by introducing additional layers of
energetically matching materials, device efficiency can be increased dramatically.
Such multi-layer OLEDs are explained in chapter[2.2.3. Different emitter materials
also provide individual advantages. An overview of emitter material development
and OLED generations is given in chapter [2.2.2.

2.2.2 OLED generations and emitter development

Historically, OLEDs can be categorised in different generations, based on emitter
functionality. As the processes on a molecular level have been introduced in previ-

ous chapters, this section will focus on the historic evolution of emitter materials.
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Fig. 2.6: Simplified schematic outline of the emission processes for fluorescence F
(a), phosphorescence P (b) and TADF with delayed fluorescence DF (c).
Exemplary, the first schematic also includes the spin statistics for electri-
cally generated excitons.

The first generation of OLEDs, introduced by VanSlyke et al. in 1987, uses
fluorescence emitters like 8-hydroxyquinoline aluminium (Alqs, fig. (a)). A
simplified schematic of fluorescence emission is shown in fig. a). This model
also illustrates the spin statistics of electrically generated excitons. Fluorescent
OLED systems often employ organic dyes which are relatively easy to synthesise
and can be found in all colours. However, spin statistics dictates that the ratio of
singlet to triplet excitons generated in an OLED are 25% to 75%. Since radiative
decay of triplet states is spin-forbidden in fluorescence emitters, 75% of gener-

ated excitons will be "lost" to vibronic relaxation, thereby limiting the maximum
internal quantum efficiency (IQE]) to 25% [13} 24, [25].

To increase OLED efficiency, it was indispensable to achieve an of 100%. The
second generation of OLEDs therefore utilises phosphorescence to access the
remaining 75% for light generation. The schematic of phosphorescence emission
is shown in fig. (b). A prominent example for phosphorescent emitters is fac-
Ir(ppy); (fig. (b)) [26, 27, 28]. To increase spin-orbit coupling, incorporation

for heavy metal atoms like platinum or iridium is required in phosphorescent emit-
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ters. Additionally, phosphorescence emitters typically exhibit broader EL spectra,

which makes them less suitable for display applications.

Third generation OLEDs utilise both, singlet and triplet excitons, without requir-
ing heavy metals through thermally activated delayed fluorescence (TADF).
The schematic of TADF emission is shown in fig. (¢). Like in the widely known
sky-blue emitter DMAC-DPS (fig. (c)), a small singlet-triplet energy splitting
(AEst) facilitates efficient reverse intersystem crossing (RISCl) from T; to S; at
room temperature. This way, all triplet excitons can potentially contribute through
delayed fluorescence [10] 26], 29, [30].

a) b) c)

Fig. 2.7: Structures of the fluorescent emitter Alg; (a), the phosphorescent emitter
fac-Ir(ppy)s (b) and the TADF emitter DMAC-DPS (c).

While [TADF| is an established and popular approach, the complicated molecular
design process and a tendency for short device lifetimes give room for improve-
ment. For the next generation of OLEDs, high efficiencies, long lifetimes and good
colour purity need to be achieved. While no fourth generation process has yet
been established, several sophisticated cascade energy transfer systems have been

proposed.
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Fig. 2.8: Simplified schematic outline of the emission process for hyperfluorescence.
A non-emissive host is mixed with a TADF-based assistant dopant, from
which an efficient FRET onto a fluorescent emitter dopant is achieved.

Adachi et al. showed examples of hyperfluorescence OLEDs with different emis-
sion colours. The EML is based on a typical non-emissive host material and two
dopants. Electrically generated excitons are passed onto a TADF-based assistant
dopant (typically 1 wt%), which can upconvert the triplet into singlet excitons
via [RISCl From there, a Forster resonance energy transfer (FRET) into the S’
of the fluorescent emitter dopant (typically 25 - 50 wt%) occurs. From here, the
regular fluorescence pathway for light emission follows. This method combines all
advantages of first generation fluorescence emitters with third generation [TADF
emitters. Depending on the emission colour, maximum external quantum efficien-
cies up to 18 % are reported, which is almost a one order of magnitude increase
compared to devices without the TADF assistant dopant [26] 28] 31].
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Fig. 2.9: Simplified schematic outline of the emission process for cascade singlet-
harvesting (CSH). Two TADF-based molecules form a high energy and
a low energy exciplex with the host material. DET can occur between
the triplet states of the exciplexes. An efficient FRET from the high
energy exciplex onto the low energy exciplex and onto a fluorescent emitter
dopant is achieved.

A system shown by Lee et al. follows a similar strategy, but additionally incor-
porates a second TADF-based assistant dopant. The concept is called cascade
singlet-harvesting (CSH) and utilises a so called singlet exciton harvesting ma-
trix, consisting of two TADF molecules, which form a high energy and low energy
exciplex with the non-emissive host material, respectively. A [FRET] cascade from
the high energy exciplex S; into the low energy exciplex S; and subsequently into
the fluorescent emitter S;, followed by fluorescent emission, occurs. Additionally,
a Dexter energy transfer (DET) can occur from the high energy exciplex T onto
the low energy exciplex T;. Since both exciplexes are based on TADF technology,
triplet excitons can be upconverted into singlet excitons. This way, no significant
losses due to unfavourable Dexter-type energy transfers into the fluorescent emitter
T, are suffered. With this strategy, an external quantum efficiency up to 19.9 %

is reported, compared to 10.4 % for the same system with only one exciplex 28] [32].
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2.2 Organic light emitting diodes (OLEDs)

2.2.3 OLED architecture and design

As described in chapter [2.1.2, electrons and holes are injected into an [OLEDI
Those charges are transported along the energetic HOMO and LUMO DOS of the
organic semiconductor materials and recombine to form excitons, which, upon re-
laxation, emit light. In this chapter, OLED device architecture shall be discussed

on an application based level.

Generally, an OLED consists of at
least one semiconducting, electrolu-

minescent material, sandwiched be-

=\ O

EF cathode

tween two electrodes. But single-layer

OLEDs usually perform poorly due to
large injection barriers and charge car-

rier imbalance.

To optimise device performance, a
multi-layer architecture should be de-
Fig. 2.10: Schematic energy diagram of

a multi-layer OLED. 1) charge
respective layer thicknesses are chosen carrier injection 2) charge trans-

depending on their energetic HOMO port 3) recombination to an ex-
citon 4) exciton degradation and

signed. Thereby, materials and their

and LUMO levels, their charge trans- emission of light. Crossed out
port properties and optical aspects like arrows represent energetic barri-
the interference pattern of light in for- ers of blocking layers.

ward direction and light reflected from the cathode (see chapter m This way,
an ideal position of the recombination zone can be achieved, which maximises

emission and reduces negative effects like luminance quenching.

Fig. [2.10] shows a stylised multi-layer OLED stack. In addition to the emissive
layer (EMLI), it features hole- and electron-injection layers (light blue and red)
as well as -transport layers (dark blue and orange). On the anode side, HOMO
energy levels of hole-injection layer (HIL) and hole-transport layer (HTL) divide

the hole injection barrier from anode to [EML] into two smaller steps which can be
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overcome easier. At the same time, the [HTL| functions as electron blocking layer.
It has a significantly higher LUMO energy level than the [EMLL which prevents
electrons from moving beyond the [EML] thereby maximising charge carrier con-
centration within the[EMLland subsequently increasing recombination probability.
Analogously on the cathode side, the same effects take place with the LUMO as

base energy level [7].

2.2.4 Deposition methods

One of the main benefits of OLEDs is that the devices work with very thin lay-
ers and therefore only require very small amounts of the organic semiconducting
materials. To produce highly efficient multi-layer OLEDs, it is necessary to apply
subsequent layers of different materials without removing or intermixing with the
previously deposited layers. This can be achieved either in a vacuum deposition
process, e.g. physical vapour deposition (PVD), or in a solution based process,

e.g. spin-coating or offset and ink-jet printing.

Vacuum deposition uses low pressure chambers that scale to the substrate size
and require large quantities of energy and time to evaporate material into the gas
phase. Despite its high cost, vacuum deposition is the most common process in
OLED fabrication today. PVD allows a precise layer thickness control and very
high material purity since it can be considered as an additional purification step.
This has a positive influence on device performance and lifetime, which makes it
so popular.

While deposition of organic layers can easily be done solution based, application

of the metal cathode always requires vacuum deposition.

Solution based deposition methods are an attractive alternative because they are
fast and significantly cheaper. They allow the use of materials that cannot be
evaporated, like polymers, since thermal degradation poses no problem. In labo-
ratories, spin-coating is the most commonly used solution based method. Here, the

material solution is deposited onto a substrate. Through rotation, excess material
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2.2 Organic light emitting diodes (OLEDs)

is spun off the substrate and the residue layer dries. Layer thickness can be varied
through rotation speed and solution concentration.

For multi-layer stacks, precautions have to be made to prevent intermixing or dis-
solving of previously applied layers during the next solution based deposition step.
This challenge can be overcome either by an orthogonal solvent approach, or by

making the layers insoluble [33] [34].

2.2.5 Cross-linking

One method to make layers insoluble is cross-linking. This can be achieved by
functionalising the active materials, for example the triphenylamine (TPA) deriva-
tives QUPD and OTPD (for chemical structures, see chapter used here as
hole-transport materials (HTME), with active groups like oxetanes. Cross-linking
proceeds by photoinitiated cationic ring-opening polymerization (CROP), as il-
lustrated in fig. By increasing the number of oxetane functionalities per
molecule, an even denser and more interconnected network can be created, thereby
ensuring layer insolubility and reducing intermixing with subsequent layers. Sep-
arating the oxetane functionality from the core molecule through an alkyl chain
reduces shrinkage in the cross-linked layer and thereby prevents problems like

cracking or delamination.
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Fig. 2.11: (a) Chemical structure of the photo acid OPPI and schematic illustration
of a cross-linkable material; (b) Photoinduced reaction mechanism to
generate the proton necessary to initiate a CROP reaction; (¢) CROP
mechanism for the cross-linking of an oxetane-functionalised [HTM.

To initialise the [CROPI process, small quantities the photo acid (4-octyloxyphenyl)
phenyliodonium hexafluoroantimonate (QPPI) (fig.[2.11](a) are added to the HTM]

solution.

To activate the reaction (fig. 2.11] (b), a free proton is required, which is pro-
duced photochemically through illumination with UV light. For the here used
triphenylamine (TPA) based [HTMk, this means irradiation at 365 nm. Alterna-
tively, to cross-link molecules without an extensive m-system, OPPI can be ac-
tivated directly through irradiation at 315 nm. A photoinduced single electron
transfer (SET) from the activated TPD onto the photo acid OPPI occurs, leaving
a TPD radical cation. The OPPI radical splits into a phenyl radical and a neutral
4-octyloxyphenyl iodonium hexafluoroantimonate. The phenyl radical undergoes

rearomatisation with the TPD radical cation.
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2.2 Organic light emitting diodes (OLEDs)

The hereby released proton (red) can now initiate the [CROP] reaction (fig.
(c) by activating an oxetane group (black). Through electrophilic attack, this
activated oxetane can now react with another oxetane function (blue). The first
oxetane ring opens, thereby leaving the second oxetane activated, which is now able
to attack a third oxetane function (green), and so on. This way, a 3D polymer
network is gradually created. Depending on the number of oxetane functionalities,

this network can be more or less interconnected and dense [34] 135, [36].
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2.3 Polymeric OLED materials

Polymers make excellent materials for solution based deposition methods like spin-
coating. Due to their high molecular weight, they usually cannot be used for vac-
uum based deposition methods, however. In contrast to small molecule materials,
polymers feature unique physical and electronic properties. In m-conjugated poly-
mers, a charge can be delocalised. But defects, kinks and twists can interrupt the
conjugation of a polymer and create traps. Depending on the curvature of the
polymer backbone, charge transport is faster in delocalised areas and slower where
kinks and twists have to be overcome via hopping [7]. As co-polymers, multiple
molecular components like donor- and acceptor-functionalities can be combined in
an ideal ratio and position to each other which would not be possible by simply

mixing them.

Cross-linking a material after deposition creates a mesh-like polymer network.
This technique, which is explained in detail in chapter [2.2.5, has the additional

benefit of rendering the layer insoluble.

The phase behaviour of polymers differs from small molecules and even for the
same polymer, depending on the molecular weight. Polymerisation usually results
in a mixture of shorter and longer chains. Instead of an exact molecular weight,

polymers are usually described through a molecular weight distribution.

The molar fraction [rj can be calculated as the ratio of the number of polymer

chains n; consisting of ¢ monomer units to the total number of all polymer chains

Niotal -
U

(2.3)

xTr; =
Niotal

The number average molecular mass |, defines an arithmetic average of the molec-

ular masses of the individual polymer chains M;.

M, = szMZ (2.4)
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2.3 Polymeric OLED materials

Similarly, the weight fraction [ is calculated as the ratio of the weight of those
polymer chains, derived from the product of n; and M;, to the total weight of all

polymer chains nota Miotai-

Ntotal Mtotal

(2.5)

w; =

The weight average molecular mass defines a weight average of the polymer

chains.

Typically, polymers are a mixture of different polymer chain lengths. An exem-
plary distribution curve is shown in fig.

M,

i

Fig. 2.12: Example molecular distribution curve of a polymer consisting of different
chain lengths, with M,, and M, marked. Based on a model from [37].

As a measure of dispersity, the polydispersity index (PDI) can be calculated as
the ratio of and
M,
PDI =—2 2.7
Mw 27
The [PDI represents the width of the molecular weight distribution, a value of 1

meaning monodisperse, and with larger values more and more polydisperse.

To fully characterise a polymer, all three values, M,,, M, and PDI, are required.
But often, only one molecular mass value is given or used for comparison. While
M, is the number average molecular mass, M,, also factors in the larger size of
longer polymers. Since molecular size has a great impact on many physical prop-
erties, longer polymer chains will have a greater impact on them. While each

polymer behaves differently, it can be assumed that a higher [M,] usually results in
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a higher glass transition temperature (73]) and melting temperature (7)) [37].

Besides the glassy or crystalline phase and isotropic melt, additional phases can of-
ten be seen. Especially when chiral elements are present, liquid crystalline phases
can occur. Some of those phases are even thermodynamically stable after cool-
ing. For polydisperse polymers, more complex phase transitions can be an issue,
though. In thin layers, phase separation can occur, with shorter chains rising to

the top, or unmelted crystallites of longer chains embedded.

In this work, two types of polymers were used: PF and F8BT. Their proper-

ties and characteristics will be explained in the following section.

2.3.1 Polyfluorenes (PF)

Fig. 2.13: General structure of a PF co-polymer (left) and one of the most common
PF examples, poly(9,9-dioctylfluorene) (PEQ) (right).

Polyfluorenes (PFk) are homo- or co-polymers from fluorene monomers. Fig. [2.13
(left) shows the general structure of a PF based co-polymer, analogous to many
of the materials used in this work. Additionally, one of the most common PF
examples, [PFQO (right), is shown.

Fluorene consist of two benzene rings bridged in para position over a cyclopen-
tadiene, creating a planar, aromatic unit with fully delocalised 7 electrons. To
increase solubility, the PF backbone is usually functionalised with alkyl chains,
the most common PF featuring two octy chains per fluorene unit, hence being
called PFO (poly(9,9-dioctylfluorene)). But other chains, even branched or chiral

ones, are also common. PFs are synthesised via a Suzuki- or Yamamoto-coupling
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reaction. As conjugated polymers with blue electroluminescence, PFs are well

suited as emitter materials in organic electronics [38].

Of especial interest, particularly for the application in CP-OLEDs, is the phase
behaviour of PFs. The three most commonly mentioned phases are named «,y and
B. An overview of their distinguishing parameters is given in tab. Spectra of
[PFOlin «, v and § phase are shown in chapter [3.2.1.

The « phase, also called amorphous or glassy phase, consists of bent polymer
chains with a randomly distributed torsion angle between monomers around 135°.
It is the predominant phase for pristine PF thin films. Quick solvent evaporation
(like in spin-coating) or heating and subsequent slow cooling to room temperature
lead to this phase [39, [40]. A relatively broad absorption peak around 383 nm is
typical [41]. For individual polymer chains, PL peaks around 411 nm for the first
electronic (0-0) transition and 438 nm for the first vibronic (0-1) transition can
be measured. The ratio of those peaks depends on the degree of bending of the
polymer chain, with bent chains displaying a more prominent (0-1) peak [40]. In
thins layers however, the two peaks often merge into a combined PL peak around
428 nm [42].

The [ phase represents the most planar, rigid and linear conformation, with a
torsion angle between monomers of 160 - 180°. Slow solvent evaporation, solvent
vapour annealing (SVA)), or cooling to -196 °C and reheating to room tempera-
ture predominantly leads to § phase. While an absorption peak around 400 nm is
associated with delocalised -7 transitions on the backbone of g phase PFs, the
characterising feature is an additional absorption shoulder or peak around 433 nm.
The more planar structure results in a PL emission red-shift of approximately 20 -
30 nm compared to « phase. Peaks around 438 nm ((0-0) transition) and 465 nm
((0-1) transition) can be observed, whereas aggregates will be red-shifted compared
to individual chains [39] [40] 42].
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Between o and 3 phase, the nematic or v phase occurs. The torsion angle between
monomers of 140 - 160° resides between « and ( conditions. The v phase can be
produced through heating and subsequent rapid quenching, or occurs naturally
during the transition of a to [ phase. It can be characterised by a schlieren
texture observed in microscopy with crossed polarisers. As a mixed phase, the
absorption and PL features are located somewhere between o and (3 as well. The
absorption peak experiences a gradual red-shift and may lie somewhere between
383 nm and 433 nm. For PL, peaks around 430 nm ((0-0) transition) and 455 nm
((0-1) transition) are reported [38] [39].

Tab. 2.1: Overview of torsion angles as well as absorption and PL peaks of the «,
~ and [ phases of PFs.

a ol s
. narrow narrow
Torsion b'roafi . distribution distribution
angle distribution (140 - 160°) (160 - 180°)
433 nm
Abs 383 nm 38?? - 400 nm (characteristic
(mixed phase)
feature)
PL 411 nm (0-0) 430 nm (0-0) 438 nm (0-0)
438 nm (0-1) 455 nm (0-1) 465 nm (0-1)

For chiral materials, mesophases are possible. The so called blue phase was first re-
ported in 1888, where Reinitzer described a "bright blue-violet colour phenomenon"
during the cooling of cholesterol benzoate [43]. Thermally, up to three blue phases
can be located between the helical phase and isotropic phase. While they are
similar to the helical phase, blue phases are reported to have a viscosity in the
order of 10% higher. Also, despite being a liquid phase, they experience a small,
yet surprising non-zero elastic shear modulus [44].

Blue phases can occur for highly chiral, thermotropic liquid crystals, and have
therefore been reported in association with chirally functionalised PFs [4] 45] [46]
47).
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2.3.2 Poly(dioctylfluorene-co-benzothiadiazole) (F8BT)

Fig. 2.14: Structure of poly(9,9-dioctylfluorene-alt-benzo thiadiazole) (ESBT).

F8BT is an alternating co-polymer of fluorene with two octyl side chains (F8) and
benzothiadiazole (BT) units. Since the[LUMOlof BT lies 1.56 eV below the [LUMO
of F8, electron density is strongly localised on the BT unit [48]. The high electron
affinity of F8SBT also enables an easy electron injection, allowing a simpler device
architecture without necessarily requiring an electron-transport layer (ETL) [49].
A high luminance efficiency and balanced charge transport properties makes F8BT

an excellent green emitter material [50].

To increase OLED performance and efficiency, 5 - 10% of F8BT are often mixed
into a PFO matrix. Due to the spectral overlap between F8 emission and BT
absorption bands in the polymer mixture, a highly efficient occurs. The
resulting PL or EL emission spectrum is almost identical to a pure F8BT emission
spectrum. The high electron mobility of FSBT and high hole mobility of PFO com-

bines to improved charge transfer properties compared to either material alone [49).

31



2 Theory

2.4 Polarised light

In terms of electromagnetic theory, light can be described by two perpendicularly
relative waves. Fig. [2.16] (a) shows the electric (E, red) and magnetic (B, blue)
component of an electromagnetic wave, with the light propagating in z-direction.
Their phase and intensity are tied together by the Mazwell equations. To simplify
models, light is often only represented by the wave plain of the electric compo-
nent, which is much larger than the magnetic component. Alternatively, it can
be described in terms of a cartesian coordinate system, with the direction of light
propagation z and two orthogonal, linearly polarised components z and y. Based
on the most common convention, polarisation effects shall be defined from
the point of view of the detector or an observer, looking towards the
light source. A 3D representation of a left-handed circularly polarised (LCP)
(blue) and a right-handed circularly polarised (RCP) (red) light beam is shown in

fig.

LCP

RCP

Fig. 2.15: Helical projection of [LCP (blue) and [RCP (red) light.

Unpolarised light can be viewed as the sum of many, randomly oriented wave
plains, or x =y = 1.

For linearly polarised light, only one wave plain remains, e.g. x =1 and y = 0.
For circularly polarised light, the wave plain forms a spiral or cork screw. The
electric field vector rotates around z. A clockwise rotation represents [RCP| and a
counter-clockwise rotation represents [LCP| In terms of the coordinate system, the

magnitude of the two linear components are equal x = y = 1, but have a phase
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shift in relation to each other. A phase shift of —m/2 represents [RCP| and a phase
shift of 4+ /2 represents [LCPl

To have a consistent understanding of polarisation directions in this work, 0° shall
be set in 12 o’clock position. This characterises a linear polariser with a vertical
transmission direction, or linearly polarised light in a vertical plane. For quarter-
wave plates (qwps), the fast axis of the material shall define 0°.

(a) (b)

Fig. 2.16: (a) Electromagnetic wave model with orthogonal electric (red) and mag-
netic (blue) components. (b) Jones vector diagrams for horizontal LP,
vertical LP and right-handed CPL.

To describe polarisation, the Jones vector (Eq. [2.8]) can be used. It requires the
two electric field components in z- and y-direction. The polarization state consists
of the amplitudes Ey, and Ey, and the phase angles ¢, and d,, with i = /-1 [51].

E, Eyye+
= (2.8)

E Eoyei(sy

Y

By tracing the oscillation of the electric field vector in the z-y-plane, basic po-
larisation states can be visualised. As examples, fig. m (b) shows horizontally
and vertically linearly polarised (LP) light, as well as right-handed circularly po-

larised (CP) light.
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2.4.1 Polarisation effects

Most natural and artificial light sources emit unpolarised light. This incoherence
results from combining the uncorrelated, randomly polarised emission from indi-
vidual atoms or molecules. In [QLEDE, this is due to the amorphous nature of
the organic semiconductor layers. The polarisation state can be influenced either
through interaction of the light wave with a specific environment, or by changing

the material properties of the emitter and implementing molecular order.

The following section will introduce and explain some of the physical effects as-

sociated with polarisation, while a more in-depth analysis of circularly polarised

OLEDs (CP-OLEDE) can be found in in chapter

Birefringence is the difference in refractive indices of a material depending on
the light propagation direction. At the right conditions, one polarisation state can
be converted into another. For example, if a birefringent medium has different
refractive indices in z- and y-direction (slow and fast axis), one light component
will be retarded compared to the other, affecting the resulting polarisation state
depending on the material thickness in z-direction. This effect is used in wave-

plates (retarders), which consist of a retarding material like quartz or mica.

In a quarter-wave plate (\/4 plate), a [LP light beam with an angle of +45° or
-45° in respect to the fast axis will be converted into [RCP| or [LCP! respectively.

A half-wave plate (A/2 plate) on the other hand will rotate [LP|light by 90°. A
similar effect, rotation of the polarisation plane of [LP! light, can be observed in
optical rotation, which is usually associated with solutions of chiral materials like

sucrose.
Circular dichroism (CD) on the other hand describes the preferential absorption

of RCPI or [LCPI light. This effect can be used in solid as well as liquid samples
and is the base for [CDl|spectroscopy [52} [53].
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2.4.2 Optical interference

When two light beams are superimposed, they experience optical interference.
Waves are called coherent, when they have the same frequency. As shown in
fig. coherent waves will experience constructive interference, while non-coherent

waves experience destructive interference.

Constructive Interference Destructive Interference

N \/ N N \/ N

E 0-/\ /\ (1,- /\ /\:
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Fig. 2.17: Coherent waves will lead to constructive interference (left), while non-
coherent waves experience destructive interference (right).
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The resulting interference pattern can be calculated as the vector sum of the
individual waves. Fig. shows the intensity distribution of two interfering light

Fig. 2.18: Two superimposed light beams will experience interference (left). The
standing wave interference pattern of the cross section marked in red is
shown (right).
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The interference pattern can be calculated with eq. and A schematic is
shown in fig.

After passing a double slit, two light beams will create an interference pattern

on a screen. If the distance D to the screen is much larger than the slit distance

d, the angle of each light beam is nearly identical to the angle # of the combined

light path. If the path length difference n, also called order of interference, in

the grating equation eq. is an integral number multiple of the wavelength A

(n = 0,1,—1,2,—2,...), constructive interference occurs. Likewise, destructive
1

interference occurs for half-integral number multiples of A (n = 3, —%, ).

nA = dsinf (2.9)
The distance s between to successive interference maxima is calculated with eq.

53).
§=——— (2.10)

Fig. 2.19: Interference of two light beams (green and blue) in an angle 6 through a
double slit with the distance d at a much larger distance D to the screen
produces an interference pattern with intensity peaks of the order n at
a distance s to the centre of the screen.

In OLEDs, interference of different light waves and the subsequent intensity dis-
tribution ultimately influences the shape of the outcoupled light spectrum. This

can be explained by several factors.
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Due to the amorphous nature of organic emitter layers, the emission direction of
generated light is random in all directions. This means equal amounts of light
travel in forward direction towards the transmissive anode, and in backward direc-
tion towards the metal cathode, where it is reflected. As explained in chapter[2.4.3]
however, each interface can result in partial reflection as well. Interference occurs
for all involved light beams. This leads to a complex interference pattern, which
depends on the position of the recombination zone, the angle of observation, as

well as refractive indices and thickness of all involved layers.

Analogous to the intensity distribution, interference also influences the polari-
sation state. Fig. [2.20] show the polarisation state of two interfering light beams
with identical intensities, but different incident polarisation states, depending on
their phase difference. In the example on top, the interference between an [LCP
and an [RCP] light wave produces [LP light. In the bottom example, the interfer-
ence between two orthogonal [LP/light waves produces [LP! elliptical or circularly

polarised light waves.

incident light polarisation interference pattern
polarisations

oQ s = N
N 1002-0000

0 /2 T 37/4 or difference

Fig. 2.20: Incident (left) and resulting (right) polarisation state of two interfering
light waves with identical intensities. Results are shown for several phase
differences.

In the top example, interference between two [CP]light waves of opposite
handedness results in [LP! light.

In the bottom example, interference between two orthogonal [LP] light
waves results in [LP, elliptical or [CP! light.
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In CP-OLEDs, reflection results in a reversal of [CP handedness (see fig. [2.21)).
While OLEDs experience partial reflection on every interface according to the
Fresnel equations, the most significant reflection occurs at the cathode. Reflection
of CPL leads to a reversal in handedness. Interference between light waves with
different polarisation states leads to a polarisation distribution, effectively reducing
the experimentally measured g-value. The polarisation state of the outcoupled
light depends on the initial polarisation state of generated light, the position of the

recombination zone, as well as thickness and potentially [CPlselective absorption

(CD) of each layer [46, 53], [54].

Fig. 2.21: Reversal of [CP handedness after reflection on the cathode. Interference
between light waves with different polarisation states leads to a polari-
sation distribution.

Interference can be actively used to influence and tune the outcoupled emission
spectrum. In cavity OLEDs, a second semitransparent metal layer is introduced.
This way, light is consecutively reflected on both electrodes before it is eventually
outcoupled. Like in a Fabry-Pérot resonator, light waves with the correct resonance
wavelength can create a standing wave. The resonance wavelength depends on the
distance between both mirrors, which is called cavity length. Through construc-
tive and destructive interference, this specific wavelength is amplified compared
to other wavelengths, a process originally used for lasing. This way, the originally
broad OLED emission spectrum can be narrowed to a precise peak at a tunable

wavelength.
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2.4 Polarised light

Within the cavity, an infinite number of resonant modes j are possible, depending
on resonant wavelength A; of the j™ mode, the refractive index n and the thickness
of the organic layer d.

N\

‘773 —nd with j=1,2,3 .. (2.11)
The refractive index n of organic materials is typically between 1.5 and 2. For the
emissive polymer F8BT used in this work, for example, a refractive index of 1.69

at 577 nm is reported [55]. For an OLED with 200 nm thickness, the fundamental

resonant mode j = 1 and second order resonant mode j = 2 would result in \/2

resonant peaks of 676 nm and 338 nm, respectively [56].
\5
/"

Y
A2 3472

Fig. 2.22: Schematic of cavity OLEDs with different organic layer (green) thick-
nesses. Shown are the 3 (left), A (middle) and 3 (right) resonant modes
as standing waves and as intensities (blue).

2.4.3 Transfer-matrix model

A critical aspect about OLEDs is that the light propagates through multiple lay-
ers consisting of different materials. On every interface, at least partial reflection
occurs. This leads to outcoupled emission losses due to waveguiding to the edge
of the substrate. Depending on the position of the recombination zone in relation
to the reflective cathode, interference between the individual light beams can also

influence the [EL| spectrum and the polarisation state of outcoupled light. It is,
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therefore, fundamental to understand the optical processes occurring in an OLED,

which is done with the transfer-matrix model.

For a single interface between two optical media 0 and 1, the behaviour of a

light beam can be predicted based on the Fresnel equations and Snell’s law:
nysin(6h) = nosin(6s) (2.12)

With the refractive indices ny and n; of the two materials and the angles of inci-
dence 6; and refraction 6, the reflection and transmission of a light beam passing

an interface can be calculated.

The multi-layer environment in OLEDs with several interfaces is, however, more
complex. A partially reflected light beam can again experience partial reflection
and transmission on another interface. Additionally, all involved light beams can

interfere, and light can be absorbed by the layer in which it travels.

No N4 N2 n3

Fig. 2.23: Schematic of a light beam propagating through a multi-layer stack at
propagation angles 6;. Each of the layers ¢ has a refractive index of
n;. The light intensities are represented by Iy for incident lingt, Ip for
reflected light and Iy for transmitted light.
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2.4 Polarised light

According to Mazwell’s equations, the electric field across an interface must follow

a continuity condition. It can, therefore, be calculated using a matrix approach.

EE ER
=Dy, | M (2.13)
E(%B EILA

Eq. represents the transmission of a light beam from layer 0 to layer 1, with
the electric field vectors E" in right and E' left direction. The boundary condi-
tion at the interface is indicated by the index A and B for the right and left side

of an interface, so the transmission at the interface equals a transition from B to A.

The transmission matrix Dy ; can be calculated with the Fresnel coefficients for re-
flection 79 ; and transmission ¢, at the interface. Since the Fresnel coefficients for
s- and p-polarised light are different, the transmission matrix Dy, is polarisation

dependent.

1 1 T07
Doy = —- ' (2.14)

01 roq 1

After transmission of the interface, the light beam propagates through layer 1,
where it can experience absorption. Propagation can, again, be represented by a

matrix, equalling a transition from A to B.

ER EF
Mlop | (2.15)
Efy Efy

The propagation matrix P; can be calculated as

et 0
p = (2.16)
0 e i
and 5
d)l == 1 : T~L1 . dl . 608(91 (217)

A
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with the wavelength of the light beam A, the complex refractive indices 71 (see
eq. [2.19)), the layer thicknesses d; and the propagation angles 6.

By comparing equations [2.13| and [2.15] it can be seen that one matrix element

appears in both terms. The transmission from layer 0 into layer 1 and subsequent

propagation through layer 1 can, therefore, be combined.

EL ol
“l=py,-p-| " (2.18)
E(%B ElLB

The product of all transmission and propagation matrices, in this case Dy ; and
Py, is called transfer matrix [57, [58].

This principle is instrumental for ellipsometry and further details are given in
chapters 2.4.4 and [2.4.5.

2.4.4 Ellipsometry

The refractive index n determines how much a light beam will bend when moving
from one material to another. Snell’s law (eq. brings the angles of incidence
and refraction € into relation with the refractive indices of the materials, while the
Fresnel equations describe the reflection and transmission at the interface. When n
is wavelength dependent, dispersion, a splitting of light into its constituent colours,
occurs. To describe absorbing materials, a complex refractive index 7 is required
(eq. [2.19), with the index of refraction n and extinction coefficient .

i=n—ik (2.19)

In ellipsometry, an incident light beam is reflected from - and transmitted into - a
sample, which leads to a change in phase and amplitude of the electric and mag-
netic vectors of this light beam. Depending on angle and polarisation direction (p

or s), this interaction can be described by the Fresnel coefficients 7, and 7. Ellip-
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2.4 Polarised light

sometry measures a change in polarisation of the reflected light and gives the ratio
of the complex Fresnel coefficients (eq. [2.20]), where ¥ relates to the amplitude

ratio and A relates to the phase change.

o tan(W)e'® (2.20)
T's

To derive the optical material constants n and k£ as well as the layer thickness d
from the measured values ¥ and A, a regression analysis can be performed. A
suitable layer study is assumed and the parameters are fitted to match the mea-
sured data. The accuracy of the calculated optical constants strongly depends on
the aptitude of the assumed model. For more complicated systems, e.g. for the
presence of anisotropies, multiple measurements can be combined and fitted with
one set of assumptions. Measurements can be performed in reflection or transmis-
sion. A common measurement strategy is the variation of the angle of incidence

of the light beam, called variable angle spectroscopic ellipsometry (VASE) [58].

While standard ellipsometry is very useful for isotropic materials, anisotropic layers
benefit from a more extensive mode of measurement, called Miiller matrix (MM)

ellipsometry.

2.4.5 Miiller Matrix ellipsometry

The polarisation state of a light beam can be characterised with the Stokes vec-
tor (eq. . It consists of four intensity observables Sy through S3, which are
expressed through basic polarisation states: I, I, ;450 and I_450 represent lin-
ear polarisation (LP) parallel (p), orthogonal (s) and at a +45° angle relative to
the plane of incidence, whereas Ir and I, refer to right- and left-handed circular
polarisation. The total intensity described by Sy is usually normalised to 1. S
and Sy represent the relation of horizontal to vertical and +45° to —45° [LP/light,
respectively. Lastly, S3 describes the relation of RCP to LCP light [58] [59].
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So L+ 1,
S I _Is
s=|"1]= ’ (2.21)
Sy Iig50 — 1 y50
S| | Ir—1In

While the Stokes vector defines the polarisation state of a light beam, the trans-

formation of this light while passing through a medium can be described with a

Miiller matrix (MM) (eq. [2.22).

So Moo Mo1 M2 M3 So
Sy mip M1 M2 M3 Sy
= . (2.22)
52 Moo M21 M2 Ma3 52
Ss m3o ™31 Mgz 1M33 Ss
- = out - - - - in

is a valuable tool in ellipsometry. During measurement of a sample, the inci-
dent light properties 5;, are known, and the properties of the light beam exciting
the sample S,,; can be measured. Therefore, the elements can be calculated,
thereby allowing conclusions about the properties of the measured material and
even calculation of [CD| values [58] 60 [61].

The M-2000 ellipsometer used in this group has one compensator, which means
only the first three rows of a can be recorded. Through symmetry consid-
erations however, it is possible to calculate the fourth row (indicated in grey) of
the as well. For non-depolarising samples, calculating the logarithm of this
M will deliver the differential MM L (eq. [2.23)), the elements of which can be
interpreted as circular dichroism (CDJ), circular birefringence (CB) and horizontal
(LD, LB) and 45° vertical (LD’, LB’) linear dichroism and birefringence, respec-
tively.
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From this matrix, the circular dichroism value CD can be derived [61].

—LD'
CB
0

LB

CD
LB’
—LB

0

2.4 Polarised light

(2.23)

Some materials cannot be described by simple optical material constants due to

their anisotropic nature. Examples for this are birefringent crystals or spin-coated

polymers. To define those materials, multiple measurements from different angles,

measurements in reflection and transmission and MM ellipsometry can be neces-

sary.
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2.5 Chirality

Chirality is a property of symmetry and shape. Like our left and right hand
are mirror images of each other, chiral structures consist of identical but non-
superimposable structures. Chirality can be observed across different length-scales,
from the subatomic spins of electrons or photons, over molecules and even in
macroscopic natural structures like seashells. In molecules, chiral mirror images

are called enantiomers.

Molecular chirality can have different origins. The most obvious is a chiral centre,
e.g. a C-atom with four different substituents. Based on the Cahn-Ingold-Prelog
(CIP) priority rules, each chiral centre is assigned an R or S descriptor which
unambiguously describes the spatial arrangement of atoms. This is achieved by
assigning priorities to each group attached to a chiral centre based on their atomic
number and rotating the molecule accordingly (see leftmost structure in fig. .

Structures with axial chirality don’t necessarily have a chiral centre, but display
an axis or plane of chirality. Typical examples are BINAP or helicenes (see re-
spective structures in fig. . To apply CIP rules in this case, the molecule is
observed along the chiral axis and the “near” substituents are given priority over

“far” substituents.

For helical structures, the M and P nomenclature is more common. M (“mi-
nus”) refers to a left-handed helix and P (“plus”) refers to a right-handed helix.
There is no precise line when to use which classification, but generally R is com-
parable with M and S is comparable with P [62].
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- ’;?7‘¢ O‘l:r\ \ R
HaC™ | R / R
L0
Sel . e 2
(side view)
(S)-lactic adic (S)-BINAP (P)-helicene

Fig. 2.24: Examples of different kinds of chirality. Lactic acid displays molecular
chirality. Priorities of the groups attached to the chiral centre (marked
with star) are ranked in accordance with CIP rules. BINAP- and
helicene-structures display axial chirality and can therefore be named
either with CIP rules, or with M and P nomenclature. The more com-
mon name is printed in black, respectively.

Chirality can also occur on a supramolecular level. For CP-OLEDs, chiral phases
in thin films are of especial interest. They can occur for chiral molecules, chiral
polymers, polymers with an added chiral inducer, or through surface-induced chi-

rality.
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2.6 Polarised OLEDs

Regular OLEDs, due to the amorphous nature of the organic material, emit unpo-
larised light. However, using a chiral phase [EML|or chiral chromophores allows for
the construction of an OLED that can directly emit linearly or circularly polarised

light. The following chapters give an introduction into development, properties
and applications of LP- and CP-OLEDs.

a) regular OLED b) LP-OLED c) CP-OLED
amorphous layer lin. aligned layer chiral layer
cathode /
unpol. LPL CPL
| L
/
substrate lin. alignment layer

Fig. 2.25: Schematic structure of three different OLEDs: (a) a regular OLED with
amorphous organic layers will emit unpolarised light. (b) A LP-OLED
requires an [AT] and subsequently linear alignment of the organic layer.
(¢c) A CP-OLED contains chiral elements within the chromophore (in-
trinsic CPL) and/or a chiral supramolecular structure (extrinsic CPL).

2.6.1 Linearly Polarised OLEDs

Linear polarisation is a common property, for example in liquid crystal (LC) dis-
plays. There, the light from a often LED based backlight panel has to pass through
two orthogonal linear polarisers. The space between those polarisers is filled with
a winding liquid crystalline, often twisted nematic, material which is aligned at
the upper and lower interface through alignment layers (ALs). To maintain both
orthogonal alignment directions, the molecules form a twisted nematic (TN) struc-

ture which rotates the linearly polarised light from the backlight panel along the
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2.6 Polarised OLEDs

rotation axis, enabling it to also pass the second orthogonal linear polariser. A
dark pixel is achieved by applying an electric field between the [ALSs, causing the
LC molecules to reorient along this electric field. Subsequently, LP light from the
backlight is no longer rotated and cannot pass the second linear polariser - the

pixel appears dark.

pixel

polariser

glass +
electrode

—
—
-
- glass +
electrode
, vz polariser . vz,
7, mirror 7,
(— P
voltage off voltage on

Fig. 2.26: Schematic structure of a TN cell. On the left side, voltage is turned off
so the liquid crystalline molecules can adapt a twisted nematic structure,
which rotates the light and allows it to pass the second polariser. The
pixel appears light. On the right side, voltage is applied, which forces
the molecules in the liquid crystal layer to orient along the electric field.
The light is no longer rotated and cannot pass the second polariser. The
pixel appears dark.

LC-displays use unpolarised light in combination with linear polarisers, which re-
sults in the same decreased outcoupling efficiency as mentioned in chapter 2.6.6.
It would, however, also be possible to use linearly polarised OLEDs (LP-OLEDs)
as backlight, eliminating this problem. Typically, such devices would require an
[AL and an emissive material, usually a polymer, that can be linearly aligned. The
most common alignment technique includes physical rubbing of the [AL and sub-
sequent annealing of the emitter layer [63].

Linear alignment is quantified with the dichroic ratio D (eq. [2.24)), which can be
defined for absorption, PL or EL for example. I and I, represent the intensity
of light with linear polariser in parallel or orthogonal position in respect to the

alignment direction.
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(2.24)

For alignment, polyimide (PI) is usually used. Due to their insulating properties,
[AL materials used in LCDs are not suitable for applications within an OLED stack.
But many alternative approaches for[ALs can be found in literature. Tab.[2.2]shows

an overview of different alignment strategies and the resulting dichroic ratios D.

For rubbed PI with intermixed to increase conductivity, Daps = 15 [64]
and Dgp, = 22 [65] are reported. In comparison, rubbed PEDOT is reported with
Dgr, = 24.6 [66]. Apart from rubbing, other alignment methods can be found as
well, for example floating transfer of the emitter layer (Dgr, = 7.7 [66]), photoalign-
ment of the HTL (Dgp, = 14 [67]), friction-transfer (Dgr, = 51 [39]) and rubbing
in combination with ion-beam treatment of a MoS, [AL (Dgr, = 166.7 [68]).

Tab. 2.2: Examples of different LP-OLED systems and their dichroic ratio D.

alif;y?fnt D.us DgrL Reference
rubbed PI + [HTM] 15 22 | |64, [65]
rubbed PEDOT 1.a. 24.6 | [66]
floating EML transfer 1.a. 7.7 | [66]
photoalignment of the HTL n.a. 14 | [67]
friction-transfer 1.a. 51 | [39]
g?l;bll\l/llis—l— X}ﬁl—beam treatment L 166.7 | [68]
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2.6 Polarised OLEDs

2.6.2 Circularly Polarised OLEDs

In the mid 1990s, the idea arose to incorporate chiral components into OLEDs for
devices that could directly emit circularly polarised light (CPL). [CPLlis typically
quantified through the CPL dissymmetry factor [g (eq. , which can take val-
ues between 0, for completely unpolarised light, and + 2, for completely circularly

polarised light of one handedness only [3].

I, — I
I +1Ig

g=2 (2.25)

The g-value is typically found in context with absorption, [PL or [EL. But other
definitions like photocurrent dissymmetry in the CPL-selective photodiodes can
also be found [3] [69].

The CP-effect of CP-OLEDs is quantified by measuring the polarisation state
of the outcoupled light. It has to be remembered, however, that the measured po-
larisation state is not identical to the original polarisation state of the [EL. Also,
it is not possible to distinguish the ratios of R-CPL, L-CPL and unpolarised light,
since the measurement takes place after interference. For example, a combina-
tion of 75 % R-CPL and 25 % L-CPL will result in a g value of 1. However, the
same g value is achieved for a combination of 50 % R-CPL with 50 % unpolarised
light. The 25 % L-CPL will interfere with the R-CPL, resulting in a combined
50 % unpolarised light, and a reduced intensity for R-CPL. After interference,

both examples are indistinguishable.
Many different strategies and materials for CP-OLEDs have been published, but

they can be categorised into one of two main principles: intrinsic (see chapterm
and extrinsic (see chapter CPL.
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2.6.3 Intrinsic CPL (I-CPL)

Intrinsic CPL (I-CPL) requires the m-system of the chromophore to be chi-
ral, allowing the molecule to directly emit CPL. Therefore, chiral absorption and
emission should be measurable in solution and film. I-CPL can be calculated with
equation where gintrinsic depends on the electric () and magnetic (m) tran-
sition dipole moment, and the angle § between them [70].
4| p||m| cos(6
GJintrinsic = |||l|)() (2.26)
with the dipole strength D
D = |uf* + m[* (2.27)

It has to be pointed out that the dipole strength D is not identical with the dipole

moment.

An ideal |gintrinsic|] of 2 would require g and m to be of the same magnitude
(u/m = 1) and parallel or antiparallel (¢ = 0,180°). Unfortunately, this con-
stellation is usually not met in organic materials, especially not in good emitter
molecules with a high fluorescent quantum yield ¢r. The electric contribution m is
two to three orders of magnitude larger than the magnetic contribution u, result-
ing in low ginrinsic values [71 [72]. Kubo et al. calculated transition dipole moment
values for a figure-eight-shaped [5]helicene dimer (shown in fig. specifically
designed to be used as [-CPL emitter. They report a p of 50x102° esu-cm (0.5 D)
and a m of 3.1x10%° erg/G (3.1x107*7 A-m?), resulting in a calculated and experi-
mentally confirmed gpy, of 1.5x102 [73] [74].

For better comparability, ;. and m values are often given in CGS units, because
symmetric Gaussian system assumes the electric and magnetic field in the same

dimension. Here, the examples were also converted into SI units, for better relata-

bilityf]

!Conversion of m and y from Gaussian CGS units:
1 D (debye) = 107*® esu-cm
1 A-m? = 1000 erg/G (Gauss) and 1 pp (Bohr magneton) = 9.274-1024 A-m?
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2.6 Polarised OLEDs

Fig. 2.27: Chemical structure of a figure-eight-shaped [5]helicene dimer, designed
to be an I-CPL emitter [73].

Reported I-CPL emitter systems either have a large g-value but very low lumi-

nance, or high luminance but small g-value.

As an example for the first case, Zinna et al. reported a chiral europium emitter
(shown in fig. , which achieved a maximum gg;, = —1.0 for the Dy — "F;
transition. The intensity of this emission, however, is very low. gg;, of the main
transition °Dy — “Fy is +0.19, with a device brightness of max. L = 17 Cd/m?
[75, [76].

4

Fig. 2.28: Chemical structure of a chiral europium based I-CPL emitter [76].

As an example for the second case, Wu et al. reported a chiral octahydro-
binaphthyl based I-CPL [LTADF] emitter (shown in fig. [2.29). While this system
achieved good OLED performance with max. L = 25,000 Cd/m?, it only had a
small CP-effect of gy, = 2.9x10 [77].
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chiral unit TADF unit

Fig. 2.29: Chemical structure of a chiral octahydro-binaphthyl based I-CPL TADF
emitter [77].

Since intrinsic CPL emitters would be the most attractive, current research fo-
cusses on increasing ggr, either through molecular design, or smart combination

with other materials.

One such example is given by Wade et al. for an oxal7|superhelicene (shown
in fig. . The gpr, of a neat thin film sample of this emitter is reported to be
3x10*. However, if the helicene is mixed into an F8BT matrix and the thin film an-
nealed, gpy, is increased to 0.15. It has to be noted that here, even though F8BT is
an emissive polymer, CPL emission specifically originates from the helicene. This
500-fold increased CP-effect is explained to be the result of a CP-selective FRET
process from the chiral phase FSBT matrix onto the helicene [46].

Fig. 2.30: Chemical structure of a oxa[7]superhelicene I-CPL emitter [46].
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2.6 Polarised OLEDs

2.6.4 Extrinsic CPL (E-CPL)

The second CP-OLED principle is called extrinsic CPL (E-CPL). Here, non-CP
emission is turned into CPL through the chiral environment. The chromophore
not necessarily needs to contain a chiral component within its 7-system, so chiral

absorption and emission can only be measured in treated films and not in solution.

E-CPL combines all other effects that can occur within a chiral OLED, and there-
fore also has an impact on intrinsic CP-OLEDs. Because intrinsic CPL emitters
perform so poorly, many groups focused their strategy on extrinsic CPL elements.
E-CP-OLEDs are based on chiral phases, in most cases through annealing above
Tg. Such chiral phases are reported as cholesteric liquid crystalline phase [4] [78] 79,
helical arrangements [80, [81], 82] [83] or blue phase [4], 45 46| [47]. With this strat-
egy, |grr| values of up to 1.13 can be found [4]. Chiral phases are typically achieved

through one of the following strategies.

Strategy 1 consists of co-polymerising an achiral emissive monomer (red) with a
non-emissive chiral monomer (blue), which induces a chiral phase in the resulting
co-polymer. Zhao et al. reported how such a co-polymer, here with a molar ratio
of 7:3 between the chiral and achiral monomers, can adapt a helical architecture,
resulting in gpy, values up to 0.26 in solution (10 mM in CHCl,) and up to 0.05 in
thin film (3 wt% polymer in a PMMA matrix, drop-cast, 0.3 mm film thickness)
[82, 183]. While many examples for helical arrangements in solution can be found,
they often struggle to retain their architecture in solid form, even if embedded into

a matrix material.

A similar concept was also used in this work. Results can be found in chapter|3.7.1.
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Fig. 2.31: Chemical structure and helical polymer architecture of a chiral co-
polymer, consisting of a non-emissive chiral monomer (blue, m = 7)
an achiral emissive monomer (red, n = 3, shown here with the S-

enantiomer) [82] 83].

Strategy 2 is the functionalisation of an emissive polymer with a chiral component.
Oda et al. reported several examples of polyfluorene homo- and co-polymers with
chirally functionalised side chains (one example shown in fig. . After anneal-
ing, single-layer CP-OLEDs of these polymers achieved gg;, values up to 0.25 [84].

Using polyfluorenes with chirally functionalised side chains is a concept that was
also used in this work. Results can be found in chapters|3.7.2 to|3.7.7.

V¥

n

Fig. 2.32: Chemical structure of a polyfluorene with chirally functionalised side
chains, used as E-CPL emitter [84].

Strategy 3 combines an achiral emissive polymer with a non-emissive chiral in-
ducer molecule. During annealing, the polymer converts into a liquid crystalline
phase, in which the chiral inducer forces the polymer into a preferential direc-
tion. The resulting chiral phase, which is responsible for the CP-effect, remains

thermodynamically stable even after cooling. Lee et al. adapted this strategy
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2.6 Polarised OLEDs

and reported the highest ggr, value of 1.13 for a well performing CP-OLED so far.
They combined the achiral emissive polymer F8BT (see structure in fig. [2.14)) with
a non-emissive chiral inducer R5011 (see structure in fig. , resulting in strong

[CP! emission (see fig. [2.33) [4] 85].

Such mixed systems were also used in this work. Results can be found in chap-
ters to B.12

a b
emitting light reflecting light  emitting light
at whole F8BT layer from cathode at emitting zone

glass substrate (|
ITO (100 nm)<
CuPc (2 nm)—

~AL22636 (20 nm)”
" I cholesteric stacking

F8BT+R5011
(200 nm)

TPBI (20 nm)
LiF (1 nm)

~UV exposure Al (70 nm)— emitting zone

Fig. 2.33: Schematic illustration of [CP{PL (a) and [CP{EL] (b) from a cholesteric
F8BT + R5011 mixture. Picture was reproduced from [4].

Strategy 4 also uses an achiral emissive polymer capable of forming a liquid crys-
talline phase upon annealing, but does not require a chiral inducer molecule. In-
stead, this strategy relies on surface-induced chirality. Baek et al. reported a
fabrication process (see fig. with a [PI-based [AL and F8BT to achieve a gg,
of 0.64. After spin-coating of F8BT onto the rubbed [AL, the F8BT surface is also
rubbed, resulting in a groove structure. This surface anisotropy is fixed by cover-
ing the layer with an epoxy resin coat, which acts as second [AL. Upon annealing,
F8BT orients itself along the rubbing direction of both [ALs. Since the bottom [AL
and F8BT surface are rubbed in different directions, the polymer is reported to
adapt a continuously twisted structure. Once the desired chiral phase is achieved,

the epoxy resin coat can be removed and a metal cathode can be evaporated.
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Fig. 2.34: Fabrication process of an F8BT based CP-OLED created through
surface-induced chirality. Picture was reproduced from [86].

Chiral molecules or phases within an OLED stack lead to anisotropic optical be-
haviour, like CPL selective scattering, absorption, birefringence and optical ro-
tation, which can partly be described through anisotropic optical constants (see

chapter m Depending on the position of the recombination zone, (possibly
anisotropic) refractive indices and thickness of all involved layers, an interference

pattern of all light beams (see chapter [2.4.2), which can be described with the

transfer-matrix method (see chapter [2.4.3), influences the final outcoupled EL
spectrum and ggy, curve. This explains the strong layer thickness and wavelength

dependence of ggr,, which has previously been reported in literature [70] 83, 87, [88].
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2.6 Polarised OLEDs

2.6.5 Development of CP-OLEDs

Historically, I-CP-OLEDs and E-CP-OLEDs were developed in parallel. In 1997,
Peeters et al. published the first example of[CPIELL They used poly(p-phenylenevinylene)
(PPV) functionalised with enantiopure chiral side chains (see fig. 2.35]) as active

material and achieved a maximum |ggr,| = 1.7 x 1072 [3].

O)_/ J_(_/_<
O
\
SIS
/_>(_/_)_F° y
Fig. 2.35: Chemical structure of a PPV-based polymer with chiral side chains.
Polymers with a x:y ratio of 1:0, 0.89:0.11 and 0:1 were analysed [3].

Shortly after, Oda et al. (see fig. [2.32) and Geng et al. analysed polyfluorenes
with chiral side chains. They could already report maximum |ggy| values of 0.25
and 0.35, respectively [84] 89]. These groups analysed homo- and co-polymers of

fluorene monomers with chiral, achiral and racemic mixture side chains.

In 2013, Yang et al. published the first example for CP-EL from a mixed sys-
tem, consisting of the achiral emissive polymer F8BT in combination with a non-
emissive aza[6]helicene as a chiral inducer. They reported ggy, values of up to 0.2
[90]. With the same approach, using R5011 as chiral inducer, Lee et al. later re-
ported ggy, values of up to 1.13 (for further data, see fig. [4. 185], the highest

ggr, values reported so far for a CP-OLED with adequate performance.

The first examples of an [-CPL emitter used in a CP-OLED were published in
2015. Zinna et al. reported a chiral europium emitter, which achieved high ggp,

values, but with a poor OLED performance (for chemical structure and further

data, see fig. [2.28)) |75 [76].
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2 Theory

In the same year, Li et al. reported a chiral iridium emitter (see fig. . From a
racemic mixture of chiral iridium complexes, they isolated and analysed four exam-
ples. While the device performance was excellent, with max. L. = 220,000 Cd/mj,
and max. Eff = 73 Cd/A, only small CP-effects up to ggr, = 2.6x10°3 were re-
ported [91], which is within the typical range of an I-CPL emitter, as explained in

chapter [2.6.3.

Fig. 2.36: Chemical structure of a chiral iridium complex. The shown complex
configuration is called A-Ir(dfppy),(R-edp) [91].

Since 2015, several more examples of CP-OLEDs have been published [79)].

Further examples of E-CPL based CP-OLEDs include different chirally function-
alised polymers [64] (78] [81], [82] [83] 87, [92] 93], or mixtures of achiral emissive
polymers with a chiral inducer [4, [69] 70}, 85, [88] [94] 95] 96, 97| (98], 99].

CP-OLEDs based on small molecule I-CPL emitters are found as metal complexes
[54) [75] [76), 91], 100, (101} 102l [103] or organic molecules [12, 46, [71], 73], [74} [77, [99]
104, [104, [105}, [106] (07, 108, [L09, [L10} [L11], (112} 113)].

Increasing the CP-effect of CP-OLEDs does not only include the development
of new materials and systems, but also strategies to increase the ggr, value of
outcoupled light. As explained in chapter [2.4.2] reflection on each interface of a
CP-OLED, but especially on the metal cathode, and the subsequent interference
leads to an intensity and polarisation distribution for the outcoupled light. To
prevent this reduction of the maximum possible ggr, value, this reflection has to

be suppressed.
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2.6 Polarised OLEDs

Using a semitransparent cathode (see fig. instead of a fully reflective cathode
can reduce the interference effect. Light waves in backward direction are outcou-
pled from the backside of the CP-OLED instead of being reflected and interfering
with light waves in forward direction. While these methods might increase the mea-
sured g-value, it has to be kept in mind that they achieve this effect by removing
light from the outcoupling direction, which naturally decreases device brightness

and efficiency.

Yan et al. tried to bypass polarisation interference by using a semitransparent
cathode consisting of 1 nm CsF, 4 nm Al and 50 nm Ag, hence reducing the
amount of reflected light of the wrong handedness. This increased ggy, in forward
direction by 60% from 1.4x10" to 2.2x103. In backward direction however, a g,
of 5.1x10% was measured, close to value for gpr, for this emitter and an increase of

265% compared to the original device [54].

Zinna et al. also reported how increasing cathode transparency with decreas-
ing aluminium thickness for a Ba/Al cathode could boost ggr, by 650% up to a
value of 0.75. In comparison, the same device with a fully reflective cathode only
achieved a ggy, of 0.1. However, this value only applied for the °Dy—"F; transition
of their CsEu(hfbc) europium complex (see fig. [2.28), which unfortunately had a
very low EL intensity [75] [76]. Also, such a device with a cathode thickness of
only 4 nm Ba and 6 nm Al could suffer from poor electrical connections and fast

device degradation.

A promising alternative could be to use an ITO cathode, which would provide
excellent transparency, conductivity and stability. ITO can only be sputtered,
however, which brings the risk of higher fabrication temperatures. For the here
used polymer based CP-OLEDs, this might provoke a phase change and reduce

the CP-effect. Therefore, process conditions would have to be monitored closely.
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transparent
cathode

Fig. 2.37: By using a semitransparent cathode, light waves travelling in backward
direction are outcoupled from the backside rather than reflected.

Apart from using a semitransparent cathode, no other approaches to reduce light
reflection on the cathode in CP-OLEDs have been reported so far. However, other
strategies to reduce interference and the resulting polarisation distribution are

imaginable.

A scattering electrode, originally designed to increase the outcoupling efficiency
in cavity OLEDs, might help remove reflected light with the wrong handedness in
CP-OLEDs from the outcoupling direction [114].

Another approach might be the use of an absorbing [ETL|to filter light in backward
direction and reflected light from the cathode.

Wan et al. recently published a paper about direction-dependent CP emission
in their F8BT + aza[6]helicene mixed system. While it is widely accepted that
CP emission in forward- and backward-direction have the same handedness, they
state to have found an example where oppositely propagating CP light exhibits op-
posite handedness. For this, they compared conventional and inverted CP-OLED
architectures and found that the inverted stack produced CPL of the opposite
handedness as the conventional stack. The explanation for this observation, how-

ever, is controversial and shall, not be discussed in this work [98].
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2.6 Polarised OLEDs

2.6.6 Applications of CP-OLEDs

The most immediate benefit of [CP-OLEDS, even with only partial polarisation,
is an increased light outcoupling efficiency in devices with anti-glare filters. Such
filters are used in most display devices today, because the reflection of ambient
light, especially sunlight, on the back electrode of displays interferes with the dis-

play image and leads to uncomfortable glare effects.

Anti-glare filters consist of a thin film linear polariser and [qwpj on top of the dis-
play (schematic and working principle illustrated in fig. [2.38] (a). With this design,
external light is converted into linearly polarised light (LPL) and subsequently into
[CPIl When this[CPL]is reflected on the back electrode, its handedness is reversed.
By passing the anti-glare filter once more, the ICPLlis converted back into [LPLI
But due to the opposite handedness, this [LPL] was rotated by 90° compared to
the original [LPL] and is now oriented in blocking direction of the linear polariser
and subsequently filtered out. This way, display performance is not disturbed by
external light.

Unfortunately, the use of anti-glare filters decreases the light outcoupling efficiency

by approximately 50% since unpolarised light from the display also has to pass
this filter. [CPLL however, does not suffer this loss (see fig. (b) and (c)).
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(e.g. sunlight)

b) regular OLED with
unpolarized emission

c) CP-OLED with
CPL emission

a) reflection of w
external light C
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R-CPL I

| \ | \
cathode organic qwp lin.

stack polariser
unpol.
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Fig. 2.38: Schematic illustration of an anti-glare filter consisting of (from right to
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left) a linear polariser, a the organic stack of an OLED and a re-
flective metal cathode. Shown are three working examples:

(a) Unpolarised sunlight (from the right side) passes the lin. polariser
and will be converted into [LPL! (0° in respect to the lin. polariser trans-
mission axis). Passing the qwp will convert it into R-CPL, which will
also be retained while passing the organic material. Upon reflection at
the cathode, the handedness is reversed to L-CPL. Passing the qwp will
revert the light into[LPL (90°), which, due to the flip in CPL-handedness,
is now no longer able to pass the lin. polariser. This way, outside light
does not influence display brightness and clarity.

(b) Example of unpolarised light generated from a regular OLED pass-
ing the anti-glare filter. Only approx. 50% light can be outcoupled.

(c) Example of CPL generated from a CP-OLED passing the anti-glare
filter. 100% of the generated light can pass the filter.



2.6 Polarised OLEDs

Devices with even partially circularly polarised emission would already show signif-
icantly increased outcoupling efficiencies compared to unpolarised devices [12} [115].

Examples of this effect can already be found in literature.

Brandt et al. reported a 19% increase in brightness of a|[CP-OLED|with |ggr| = 0.38
compared to a non-polarised [OLED| both with an anti-glare filter attached [102].

Wan et al. reported that the 50% current efficiency decrease for non-polarised

devices with anti-glare filter could be reduced to 25% current efficiency decrease
in [CP-OLEDs with maximum |ggg,| up to 1 [70].

Another application field for CP-OLEDs is 3D displays. To perceive a 3D im-
age, a slightly shifted image for the left and right eye has to be projected. Both
images must only be observed by their respective eye. The left eye, for example,

should only see the left image, and vice versa.

Current 3D displays are based on shutter technology. This means, the left and
right image are projected alternately. Through shutter glasses operating at the
same frequency as the alternating images, vision through one or the other eye is
blocked. This way, each image can only be observed by the corresponding eye.
This technology, however, has severe limitations. Harmonizing the shutter fre-
quency of the display and glasses is essential, but prone for errors. Only small
margins for viewing angles and distances are possible. Shutter glasses are heavy,

expensive and must be regularly charged.

CP-OLEDs, on the other handy, would adapt the same strategy as used in cinemas.
The left and right image are projected simultaneously, for example by alternating
the L-CP and R-CP pixels in a checker board pattern, or alternately, like in the
previously explained shutter technology. To perceive the 3D image, only simple
polariser glasses are necessary. Such glasses, as commonly used in cinemas, are
much lighter, cheaper, do not require power and function in a much wider angle
and distance range. If used without polariser glasses, the display can also be used

in 2D mode, as long as all only one image instead of two is projected.
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3D displays based on CP-OLEDs, however, would require very large ggr, values.
Otherwise, the perceived 3D effect would be poor, or the image would be blurry.
Therefore, further research and device optimisation is necessary for this technology
[79].
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3.1 Measurement set-up for CP-OLEDs

While LIV measurements and unpolarised spectral analysis of CP-OLEDs can be
performed just like for regular OLEDs, quantification of the polarisation properties
requires a special set-up.

This chapter introduces circularly polarised electroluminescence (CP-EL) mea-

surements as well as interpretation of the results.

3.1.1 Measurement set-up and procedure

As described in chapter [2.4] it requires a qwp and linear polariser in a specific
orientation to each other to only allow the [RCP]or [LCPl elements of light to pass.
These optical components are inserted between the light source and detector. To
ensure that as much light as possible reaches the detector, a series of lenses is used
to create a collimated light beam. This light beam is directed into a UV /Vis-
spectrometer via a large diameter (1500 pum) glass fibre. Fig. schematically

illustrates the components of this CP-EL measurement set-up.

linear
CP-OLED Iense pIate polariser lense UV/Vis

spectrometer
I\/\/ glass
« l O fiber Ij\
A1

Fig. 3.1: Schematic illustration of a CP-EL measurement set-up, consisting of the
CP-OLED, lenses to produce a collimated beam, a qwp, a linear polariser
and a detector.

For the actual set-up as seen in fig. some additional considerations have to be
made. Since differently coloured OLEDs with broad spectra should be measurable,
all optical components need to be achromatic in the visible spectrum. To assure a
stable and consistent environment, the components are mounted on an optical rail.

The device holder is set in a stage with adjustable x-, y- and z-positioning. This
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3.1 Measurement set-up for CP-OLEDs

way, different pixels can be centred into the focus for measurement. To operate
the individual pixels of the OLED, the device holder features individual contact

pins. Measurements are performed in Ar protective atmosphere.

Fig. 3.2: Image of the CP-EL measurement set-up, consisting of a device holder (a)
with adjustable stage (b), lenses to produce a collimated light beam (c),
a (d), a linear polariser (e), and a fibre cable leading to a UV /Vis
spectrometer (f).

As detector, a UV /Vis spectrometer is used. A UV/Vis spectrometer has the
benefit of providing a spectrally resolved dissymmetry factor, resulting in a ggr,

curve rather than only one gg;, value.

SR
PN

g

Fig. 3.3: Schematic pixel layout of a CP-OLED.
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After testing different pixel layouts, a shadow mask with three different areas was
deemed ideal for CP-OLED analysis with this set-up. Fig. displays a schematic
of the 1 inch? substrate, with the anode connection to the underlying ITO layer

(grey) shown in red.

The three round pixels with an area of 7.87 mm? are used for LIV measurements.
CP-EL measurements are performed on the larger pie-slice shaped pixel. Because
of the distance between device and glass fibre, not all generated light can reach
the detector. Even more light is lost through the polarisers, which leads to a poor
signal to noise ratio when measuring smaller pixels or devices with lower maximum
brightness. Lastly, an area is deliberately kept free for additional measurements
on the organic layers, for example ellipsometry, UV /Vis-absorption and thickness

measurement.

CP-EL measurements are performed by manually rotating the polarisers and mea-
suring the remaining light spectrum. As stated in chapter[2.4] all angles are defined
from the point of view of the detector, with 0° in 12 o’clock position. To measure
L/RCP light, the angle between the transmission direction of the linear polariser

(in 0° position) and the fast axis of the gwp has to be —45/4-45° respectively (see

tab. .

Tab. 3.1: Polariser angles to measure L/RCP light, respectively.

linear w light able

polariser awp to pass EEL

0° +45° LCP positive
0° —45° RCP negative
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3.1 Measurement set-up for CP-OLEDs

3.1.2 Typical data

After measuring the L/RCP light intensities of a CP-OLED, the dissymmetry
factor grr, (see eq. in chapter can be calculated. A complete dataset
of unpolarised EL (yellow), L/RCP-EL (blue and green) and resulting ggy, curve
(red) is displayed in fig. [3.4] (a).

While the dissymmetry factor ggy, is widely accepted in literature, its mathematical
nature (see eq. on page makes it prone for errors at lower light intensities.
As seen in fig. (b), even small background noise outside of the measured EL
spectrum leads to unphysical high gg;, values and lots of noise. For this reason, in
this work, shown ggp, curves will be trimmed to a wavelength range in which the
EL spectrum has at least 20 % of its maximum intensity (20 % intensity in fig. [3.4

is marked with a dashed line and the trimmed area is indicated in grey).

= unpol.[ /7~ 1 T 1.4

o LCP : 112

= [T—RCP f7 ; 0.8

S /9% - ‘ 82

-l , .

3 | 02 O
g | -0.4

S I —82

3 | BE

° | 1.4

S350 400 450 500 550 600 650 700 750 80
Wavelength / nm

Fig. 3.4: Example of a complete CP-OLED dataset, consisting of the unpolarised
EL (yellow), LCP-EL (blue), RCP-EL (green), and the resulting ggr, curve
(black and red). The calculated complete ggr, curve (black) contains ex-
treme noise. Therefore, the dataset outside of the EL-spectral range is
trimmed (red) to values with CP-EL intensities above 20 % of the maxi-
mum intensity (dashed line and grey area).
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3 Results and Discussion

It is, however, not practical to always show CPL data as EL spectra with ggp,
curves. To easily quantify and compare different CP-effects, a single representa-
tive ggr, value needs to be chosen. Fig. shows three representative examples of
normalised EL spectra (green) with their corresponding ggy, curves: ggp, as calcu-
lated by eq. and trimmed at 20 % max. EL intensity (blue), and g weighted
EL spectrum (gg) as calculated by eq. (red), which will be explained on the
next pages. For comparison, the EL maximum, as well as three representative ggp,

values, are marked.

72



3.1 Measurement set-up for CP-OLEDs

"6

‘sonpea TS orsse[d oy 03 paredurod AF peonpar Ajueoyrusis e oaey syead juenbosqns
[[e ‘quoeoxo st yead 9SIg oY) Jo uorenyess oA\ ‘syead Ty ordnmu yam qHTO-dD © Jo ojdurexy (o)
"SUOI}IPUOD
w1y o) uo spuadop PG ‘oo “exyoads JDY pue JDT oY) usemiaq PIys reryoads Suorgs e i ardurexy (q)
B 1eopd © M ‘oamd TIS poumep [[om e M opdurexsy (e)
[z°¢] "qed ur wea1s ore =g pue|[Tyxenn S| FFUF 105 syjSusiosem Surpuodseizos pue senfep “(pai)

oAmd #3 pue ‘(an[q) aaIno 143 ‘(ueaid) viyoads i pastreodun Yym ‘sqATO-dD ILILBYPIP 901y} jo sojdurexy :g'¢ ‘31

(@) () (e)
wu / yibusanepp wu / yibusjanepp wu / yibus|anepn
00/ 0S9 009 0SS 00S 0S¥ 00F ommqo 002 059 009 055 005 omw.o 0§, 00, 0S9 009 0SS 00§ omw.o
T T T T T T T T T T T

3 3 3
- 1209 - 1209 - 1209
3 3 3
- 1+0 - 170 - 170 <
3 03 3
908 908 908
- {80m - 180m - {180m
- - -
- 1013 r 1043 3 1043
2 =1 2
P z . . . . zL . . . . . z1
90- —— 7 9°0- . _ : . 9°0- . . _ _ _ 9°0-
ot q01-
vo- | 1+0 — vo- qvo-
- . .
zo- qzo sor 199 zo- / qzo-
00 00 @ L oo =N \ 00 @ @ oo {- 00 @
zor H20 solk \ 150 zot /\ qzo
yopr 1+0 vor qvo
s ,(, Jo1 /
90 TP S 90 . _ TR 90 . . R ) 90
* @3 (R FIRC
2 & g
8 8 8
x x x
m m m
— — [

73



3 Results and Discussion

In most cases, the shape of the ggr, curve does not replicate the shape of the EL
spectrum, nor is it a constant value. As explained in chapter [2.4.2, reflection on
every interface and especially the metal cathode leads to optical interference, re-
sulting in an intensity and polarisation distribution for the outcoupled light beam.

Subsequently, a spectral shift between the LCP and RCP spectra occurs.

Depending on the size of this spectral shift between LCP and RCP spectra,
maximum g-value (€nax) can be close to or far away from the maximum of the
unpolarised EL spectrum, or it can even be shifted all the way to the side of the
spectrum, where it becomes indistinguishable from the noise. In this case, [Smax
depends on the trim conditions (fig. (b)).

As seen in fig. [3.5) (a) and (b), the [gnax is usually located at a different wave-
length than the EL maximum. For CP-OLED displays, however, the polarisation
state of the most intense emission is most relevant. This condition is met by the
grr, value at the wavelength of the EL spectrum maximum (g@maxEL). While in
many cases, [g@maxEL might be smaller than [gpay, it better represents the useful
CPL situation of the device. Therefore, if not otherwise stated, ggr, values given
in this work will be [g@maxEL values.

In literature, it is not always clear which gg;, value is reported, making it more
difficult to compare given values from different sources. If possible, the given val-

ues should, therefore, always be compared to ggr, curves and EL spectra.

Instead of cutting off the gg;, curve, it is also imaginable to calculate the by

multiplying ggy, with the normalised unpolarised EL spectrum Intgr, unpol. norm.:

Guw = 3G~ [ntELunpol.norm. (31)

In contrast to the gg, curve, displays a clear maximum. The shape of the
curve is usually closer to the shape the EL spectrum than ggr. Outside the wave-
length area of the EL spectrum, is zero. False ggy, values due to background

noise and exaggerated ggy, values at the edges of the EL spectrum do ot occur due
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3.1 Measurement set-up for CP-OLEDs

to the low EL intensity, providing a direct baseline correction.

It has to be noted that [g,] can never be larger than ggr,. By using the normalised
instead of the absolute EL spectrum for this calculation, ggy, is not increased. The
ggr, curve will not be multiplied with values larger than one, so [g,] remains com-

parable with other ggr, values.

curves are especially valuable when comparing the CP-effect in a series of
CP-OLEDs, for example with a varying layer thickness. Compared to ggr, curves,
it is much easier to see trends like spectral shifts and polarisation maxima. Over

all, g curves give a more useful image of the CP-effect of CP-OLEDs.

In fig. 3.5 three representative examples are shown, on which the advantages

and disadvantage of the different ggr, values and curves can be seen.

In example (a), the shape of the gg, curve is similar to the shape of the EL
spectrum. Therefore, [gax can easily be extracted. The overall shape of [gy] is
cleaner than the ggr, curve. However, in this example, the benefits of [g,,] over ggr,

are marginal.

In example (b), the gg, curve does not have a clear maximum. Depending on
the cut off conditions, [gpax changes. Here, the benefits of [gy] over ggy, are obvious.

The [g,,] curve has a peak like shape with a clear maximum.

In both cases, however, the spectral position of [gnax does not match the posi-
tion of the EL maximum. Tab. listing the corresponding gg;, values and their
spectral positions, illustrates how [gy] is closer to [g@maxEL than [gyay.

Evidently, this method proves a very useful tool for EL spectra with only one
peak. For EL spectra with multiple peaks, [g] is less convincing, as example (c)
shows. For the largest EL peak, in this case the first peak, [gQ@maxEL, gnax and
match almost perfectly. However, values of all subsequent lower intensity

EL peaks are dampened. While the curve replicates the peaks from the EL
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spectrum, the ggy, curve is smooth, indicating a continuous change of optical prop-

erties independent of vibronic progression in emission. This has to be considered

when evaluating [g,] data of multi peak EL spectra.

Tab. 3.2: Different gy, values from fig. Shown are and gy and

their corresponding wavelengths.

(a) (b) (c) 1. peak (c) 3. peak
+0.27 | 525 nm | —0.77 | 538 nm | —0.50 | 424nm | —0.48 | 480nm
Bmax +0.45 | 548 nm | —1.29 | 514 nm | —0.51 | 423 nm | —0.51 | 490nm
Bw +0.33 | 530 nm | —0.83 | 530 nm | —0.50 | 424 nm | —0.16 | 480nm

3.1.3 CP-EL Artefacts

In principle, it would suffice to measure each constellation, LCP and RCP, only

once. To minimise artefacts and errors, however, multiple measurements and av-

eraging are recommended. In this work, a series of four measurements for each

handedness provided good results. Each set of one LCP and one RCP measure-

ment calculate one ggp, curve, resulting in four gg;, curves which can be averaged

into one ggy, curve:

LRy LyRy LsRs LyRy
N N N N —

g2

g3 g4

g1+ 92+ 393+ ga
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3.1 Measurement set-up for CP-OLEDs

It has to be considered, though, that all devices suffer from degradation over time,
especially during operation, which possibly leads to artefacts. Therefore, it is es-

sential to measure LCP and RCP data alternatively:

LlRl R2L2 L3R3 R4L4 (34)
S~ =
g1 g2 g3 g4

Fig. shows an example of a ggr, curve artefact through degradation in a un-
polarised OLED. The measurement sequence used for this example is of the type
"LRLR". Each set of L/RCP data, which subsequently generates one ggy, curve,
starts out with an LCP measurement. In the given example, the device suf-
fered from particularly fast degradation, resulting in differences between each LCP
(blue) and RCP (red) measurement. Subsequently, this leads to the calculation of

a false non-zero ggy, curve.
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Fig. 3.6: Subsequently measured LCP (blue) and RCP (red) spectra (top) and
subsequent artefact ggr, curve (bottom) for an unpolarised OLED. Degra-
dation during the measurement can be seen by the difference between the
LCP and RCP spectra, leading to an artefact non-zero ggy, curve.

To solve this problem, a measurement sequence of the type "LRRL" is proposed
instead. While each pair and resulting gg;, curve might still contain an arte-
fact, combining the two ggr, curves with opposite artefacts produces a more exact
value, assuming that each IV curve led to a similar degradation. In this work,
measurements performed with this sequence produced more reliable results, even

for degrading devices.
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3.1.4 Possibilities and limitations of CD measurements

As an indicator for chiral phase behaviour in thin films, circular dichroism (CD)
measurements are extremely useful. For E-CPL systems based on chiral phases,
CD results usually follow the same trends as CP-EL data. However, thin films
can be prepared much easier than OLED devices. This makes CD measurements a
great way to quickly analyse new material systems or assess the impact of different

curing conditions.

Most CD spectrometers, however, are optimised for solution based measurements,
which can cause problems when measuring thin film samples. Here, CD data is
derived from ellipsometry measurements, specifically from Miiller matrix (MM)
measurements in transition. An extensive explanation of this measurement and

evaluation process is given in chapter [2.4.5.

The CD signal depends on two aspects: the properties of the chiral phase and
the thickness of the measured layer. Since [MM ellipsometry measurements are
performed in transition geometry, light absorption following the Lambert-Beer law
has to be considered.

1
log(j_—o) =—€ey-c-d (3.5)

Through eq. [3.5] the absorption of light can be calculated, with the incident light
Iy and transmitted light I intensities, the molar extinction coefficient e of the
absorbing material for a given wavelength ), as well as the concentration ¢ and
sample thickness d [116]. The same principle applies for the absorption of polarised
light, as it is measured in [MM] ellipsometry to calculate CD data.

Depending on the sample properties, complete absorption of the incident light,
or one polarisation state, is possible. This leads to the calculation of unphysical
CD results. Fig. illustrates such an example for different layer thicknesses of a
chiral phase sample, here 74 nm to 206 nm of a cured F8BT + 10 wt%R5011 thin
film (the properties of this system as well as the used materials will be introduced
in chapter and are not relevant at this point.)
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3 Results and Discussion

CD values are usually normalised by dividing them through the layer thickness.
This is comparable to the division of solution CD values by the concentration. The
resulting values are called thickness-normalised CD coefficient CD*. Analogous to
the extinction coefficient € in concentration dependent absorption, CD* would be
expected to be constant. However, this is not the case here, as seen in fig.
(bottom). This suggests that the size of the chiral domain responsible for the CD
effect is larger than the layer thickness. In this work, this is the case for all shown

E-CPL systems.

As expected, CD values increase with increasing layer thickness. To compare
different samples, the maximum CD intensity of the largest signal, in this case at
490 nm (right dashed line), is typically chosen. Unfortunately, the sample with
206 nm layer thickness in this example exceeds the polarised absorption limit, lead-
ing to unphysical CD values in this spectral region. The CD signal peak around

490 nm is, therefore, missing.

It is, however, still possible to compare such samples at a different wavelength
without unphysical values. This can be done, for example, at the position of the
second largest signal peak, here 347 nm (left dashed line). Fig. 3.7 (bottom) com-
pares CD* data at both signals. Due to the previously explained absorption limit,

the last data point of the 490 nm signal is missing.

While the 490 nm signal produces over all larger values and a larger slope than the
347 nm signal, both signals follow the same trend. In general, when comparing
CD data of different samples, one should always confirm that values from the same

signal peak are compared.
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3.1 Measurement set-up for CP-OLEDs
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Fig. 3.7: CD curves (top) and CD* values at 347 nm (red) and 490 nm (green)
(bottom) of F8BT + 10 wt%R5011 thin films with different layer thick-
nesses. Samples were cured for 10 min at 190 °C to develop a chiral phase.
Around 490 nm, the 206 nm thick sample reaches the polarised absorption
limit, resulting in unphysical CD values which are removed.
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3 Results and Discussion

3.2 Polymeric emitters in thin film and OLED

The application of m-conjugated polymers in organic electronics in general, as well
as PFs and F8BT specifically, was introduced in chapter The following chap-
ters will focus on more detailed information of the thin film behaviour of these two
polymers, as well as their application as in OLEDs. Before introducing chiral
components in the form of chiral functionalities (chapter or chiral inducers
(chapter and , the neat polymer properties and a well performing OLED

device architecture need to be addressed.

For polymer based CP-OLEDs, thermal annealing, also called curing, is a cru-
cial factor. The following chapters show some examples of annealing and how this
influences the optical an electrical properties of thin films and OLEDs. Further
details about curing are given in chapter

3.2.1 PF thin films

The properties and phases of PFs were introduced in chapter [2.3.1. As a practical
example, fig. shows the absorption and PL spectra of a PFO thin film. Com-
pared are a pristine sample (top) directly after spin-coating, a sample treated with
[SVAl (middle), and a cured sample (bottom).

The pristine thin film of PFO shows an absorption peak around 382 nm, which is
typical for the randomly oriented glassy or o phase. The PL spectrum features two
main peaks at 423 nm and 439 nm, representing the first two vibronic transitions
of the o phase. The first peak is slightly red-shifted compared to the value shown
in tab. 2.1} This is a typical result of aggregation, which is to be expected in thin
films.

After SVAI[f] treatment, the main absorption peak is red-shifted and an additional

peak at 433 nm appears, characteristic for the more planar g phase. Subsequently,

ISVA 60 min in CHCl; vapour at RT.
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3.2 Polymeric emitters in thin film and OLED

PL peaks are also shifted to 439 nm and 466 nm.

Thermal annealing, also called curing, of either the pristine or [SVAl layer leads
to an additional colour shift. The absorption peaks broaden and the characteris-
ing [ absorption peak disappears. PL peaks are shifted to 432 nm and 455 nm,
which represents the v phase.

A more detailed overview of how curing effects polymer thin films is given in
chapter for F8BT. Analysed parameters include thin film volume reduction,
surface roughness, and changes in absorption and PL behaviour for different molec-
ular weights. While these experiments were not performed for PF| it is likely that
PFs would behave similarly to FS8BT in this regard.
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Fig. 3.8: Absorption (blue) and PL (red) spectra of PFO thin films
84 (M| = 270 kg/mol). The sample was measured pristine (top), after [SVA
treatment (middle), and cured 15 min at 200 °C (bottom); Ae; = 370 nm.



3.2 Polymeric emitters in thin film and OLED
3.2.2 F8BT thin films

The co-polymer F8BT was introduced in chapter [2.3.2. In this section, a focus
shall be put on F8BT properties in thin films and devices, specifically.

Fig. shows absorption spectra of a pristine F8SBT thin film sample. Compared
to PFs, F8BT features a second absorption peak around 460 nm. In contrast to
the multi-peak PL vibronic fine structure of PFO, F8BT only has one broad emis-
sion peak around 550 nm. Both effects, the second absorption peak as well as the

red-shifted PL, are a result of the co-polymerised BT unit.

0.0 L~
300 350 400 450 500 550 600 650 700

Wavelength / nm

Fig. 3.9: Normalised absorption (blue) an PL (red) spectra of a pristine spin-coated
F8BT thin film; Aex = 460 nm.

The absorption and PL behaviour of F8BT thin films can change significantly af-
ter curing. However, those phenomena strongly depend on the polymer molecular

weight. An in depth analysis is given in chapter [3.4.4.
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3 Results and Discussion

3.2.3 PF OLEDs

As explained in chapter [2.2.3, choosing a suitable multi-layer OLED architecture
is crucial to maximise device brightness, efficiency and lifetime. This is especially
important for CP-EL measurements, where low brightness or rapid device degra-

dation can render such measurements impossible.

The standard stack used in this work for PF based OLEDs is shown in fig.
(b). In (a), the energetic properties of the materials reveal an energetic staircase
for holes. While different polymers might have different properties, this device
architecture applies to all PF based OLEDs used in this work, including chirally
functionalised PFs in chapter

CsF/Al
2.14

E/eV

typically
75 nm

25 nm
25 nm
35nm

Fig. 3.10: Energetic levels (a) and OLED device architecture (b) of a standard PF
based OLED.

To improve hole injection from the ITO anode, PEDOT:PSS is used as[HILl QUPD
and OTPD are introduced as [HTLk. After the [EMLL a CsF/Al cathode is added.

If not otherwise stated, all OLEDs in this work are based on this architecture.
Detailed information on the used materials as well as device fabrication can be
found in chapters and respectively. Stack variation and optimisation
can be found in chapter [3.2.4.

Fig.|3.11{shows PL (top) and EL (bottom) spectra of PFO thin films and OLEDs.
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3.2 Polymeric emitters in thin film and OLED

This way, the PL and EL spectra of pristine, SVA treated and cured samples can

be compared.

Despite the differences in molecular weight, curing temperature and layer thick-
ness, it can be seen that the first EL peaks match the PL peaks of their respective
phase. The pristine device with predominantly o phase features two sharp peaks
at 423 nm and 440 nm. The SVA treated device features the typical § phase peaks
at 440 nm and 468 nm. Typical for v phase, the cured device features peaks at
436 nm and 459 nm.

In contrast to the PL spectra however, the EL spectra of all three devices also
feature multiple red-shifted peaks of significant intensity around 500 nm, often
even surpassing the main peak intensities. These peaks can be explained by the
presence of multiple superimposed effects. The vibrational fine structure of the
EML itself, emission of aggregates, as well as optical and cavity effects can play a
role. Additionally, devices annealed at a higher temperature frequently suffer from
degradation, resulting in the appearance of a broad, red-shifted emission band. In
the following chapters, these effects will be introduced and analysed for both, un-

polarised and polarised systems.

It has to be noted that the samples shown in fig. have different layer thick-
nesses. While this is not relevant for the normalised PL spectra, EML thickness
differences influence the shape of the outcoupled EL spectra and LIV performance,

as explained below.
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Fig. 3.11: Normalised PL (top) an EL (bottom) spectra of PFO thin films and
OLEDs, pristine (blue), after SVA treatment (green) and cured (red).
= 32 kg/mol (SVA EL data) and 270 kg/mol (all others). Curing
T = 180 °C (EL) and 200 °C (PL). PFO layer thickness(pristine / SVA
/ cured) = 85 / 65 / 85 nm (PL) and 230 / 85 / 230 nm (EL). PL
Aex = 460 nm.

In fig. LIV performance data corresponding to the EL data in fig. [3.11] (bot-

tom) is shown. LIV performance data consists of current density (J), device bright-
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3.2 Polymeric emitters in thin film and OLED

ness or luminance (L) and device efficiency (Eff) values plotted against operating
voltage. It has to be considered, however, that, while the pristine and cured de-
vices are comparable in molecular weight and EML thickness, the SVA treated
device is not. With a significantly lower EML thickness, it shows a much lower
turn on voltage (Vg,) than the thicker devices. The influence of different EML
thicknesses is shown in fig. Also, the SVA treated device was built with a
lower molecular PFO batch than the pristine and cured devices. While the influ-
ence of varying the molecular weight of the emissive polymer was not studied for

PFO in this work, chapter [3.3] analyses this parameter for FSBT.
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Fig. 3.12: LIV performance data for different PFO based OLEDs. Shown are cur-
rent density (J), luminance (L) and efficiency (Eff) values plotted against
operating voltage.
PFO = 32 kg/mol (SVA) and 270 kg/mol (pristine and cured)) is
shown pristine (blue), SVA treated (green) and cured 15 min at 180 °C
(red).
Device architecture: ITO / PEDOT / XQUPD / XOTPD / PFO /
CsF /Al EML thickness = 85 nm (SVA) and 230 nm (pristine and cured).
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3 Results and Discussion

Fig. [3.13] illustrates the influence of different EML thicknesses on the shape of
the EL spectrum and device performance. While this parameter is of no conse-
quence for PL spectra, it has a significant impact on the relative position of the
recombination zone to the reflecting cathode. Subsequently, the intensities and
interference patterns of the outcoupled EL peaks are influenced. It is, therefore,
extremely important to keep as many conditions as possible constant when com-
paring different devices. This phenomenon, which was explained in chapter [2.4.2,
likewise applies to pristine and annealed PF and F8BT based OLEDs.
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Fig. 3.13: LIV performance data (left) and EL spectra (right) of PFO based
OLEDs. EML thickness is varied between 65 nm and 140 nm.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / PFO /
CsF/Al, = 270 kg/mol. EML thickness = 65 - 140 nm. Cured
15 min at 180 °C.
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3.2 Polymeric emitters in thin film and OLED

3.2.4 F8BT OLEDs

A suitable device stack is the base for good OLED performance. While the pri-
mary aim of this work is not to optimise the performance of polymer based OLEDs
in general, good device performance, especially in terms of sufficient brightness, is
incremental for CP-EL measurements of CP-OLEDs. In literature, many different
approaches to F8BT based OLEDs can be found.

Yan et al. analysed the following device stack: ITO / PEDOT:PSS (50 nm)
/ F8BT (80 nm) / Ba (4 nm) / Al. They reported a maximum brightness of
Limax = 7,000 and 20,000 Cd/m? and maximum efficiencies of Eff,., = 2.8 and
6.0 Cd/A for uncured devices and device that were cured for 30 min at 120 °C
[117].

F8BT is also used in mixed system CP-OLEDs, where it is combined with a chiral

inducer. This approach was also used in this work.

Lee et al. analysed CP-OLEDs with the following stack: ITO / CuCP (2 nm) /
polyimide (20 nm) / F8BT + 10 wt% R5011 (200 nm) / TPBi (20 nm) / LiF (1 nm)
/ Al, which were cured for 10 min at 150 °C. They reported a L. = 4,000 Cd/m?
and Eff,,.x = 4.5 Cd/A, as well as a[V, = 5.7V [4].

Similarly, Wan et al. also analysed CP-OLEDs, but with a different chiral in-

ducer. They used the following stack: ITO / PEIE-modified ZnO / F8BT +

10 wt% aza[6]helicene (180 nm) / TCTA (40 nm) / MoO& / Au, which were cured

for 10 min at 140 °C. They reported a L., = 28,500 Cd/m? and Eff,,,,, = 16.4 Cd/A,
as well as a [V, = 2.3 V [96].

In this work, in analogy to PF based OLEDs, a standard device architecture
of ITO / PEDOT / XQUPD / XOTPD / F8BT / CsF/Al was chosen for F8BT
based OLEDs. If not otherwise stated, all OLEDs in this work are based on this

architecture. Detailed information on the used materials as well as device fabrica-
tion can be found in chapters[6.1] and [5.2.10] respectively.
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3 Results and Discussion

With this stack, OLED performances up to Lyax = 10,000 Cd/m?, Eff,,,, = 10.0 Cd/A
at [V, = 4 — 9 V. However, device performance strongly depends on layer thick-
ness (see fig. , curing conditions (see fig. , chiral inducer concentration
(see chapter and F8BT molecular weight (see chapter . Also, depending
on environmental and laboratory conditions, a noticeable batch to batch varia-
tion between individual experiment sets can occur. A typical CP-OLED in this
work optimised for a large [g@maxEL of 1.1 achieves Ly = 5,000 Cd/m? and
Effax = 5.3 Cd/A with [V, = 6.5 V.

Fig. [3.14] shows the energetic levels (a) and stack architecture (b) for F8BT based
OLEDs used in this work. For CP-OLEDs, the EML can also contain a chiral

inducer.

A ——%
> 2/75 nm
® CsF/Al =
- -2.14
typically
190 nm
25 nm
25 nm
35nm
(b)
Fig. 3.14: Energetic levels (a) and OLED device architecture (b) of a standard

F8BT OLED.

The LIV characteristics shown in fig. point out the impact of architecture

variations on device performance.
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3.2 Polymeric emitters in thin film and OLED

In (a), the stack composition is altered to highlight the bene-
ficial effect of the chosen supporting layers, PEDOT, QUPD
and OTPD. Three otherwise equivalent F8BT based OLEDs
are compared. One without any HIL/HTL (blue), one only
containing PEDOT:PSS as [HILI (green), and the standard
architecture with both, PEDOT:PSS as [HIL and XQUPD
and XOTPD as [HTLs (red). Even with only the PEDOT
layer, device performance is already improved significantly.
) This is noticeable through a greatly reduced and in-
creased L. and Eff, .. Introducing QUPD and OTPD improves device perfor-

| cra |

mance even further. Not only is the efficiency increased, the layers also help device
stability, decreasing the speed of degradation. This is particularly important for
CP-OLEDs, as device degradation during CP-EL measurements lead to artefacts.

In (b), the layer thicknesses of the three supporting layers are varied. Within
the shown thickness range, no significant differences in device efficiency are found.
This is important for batch to batch comparability, since unintentional layer thick-
ness variation of this magnitude can occur in laboratory scale OLED production.

The impact of a more extensive XOTPD thickness variation on device performance
is shown in fig. in chapter [3.10]
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Fig. 3.15: LIV performance data for different F8BT based OLEDs. Shown are cur-
rent density (J), luminance (L) and efficiency (Eff) values plotted against
operating voltage.

(a) Architecture variation of otherwise equivalent F8BT based OLEDs.
Compared are devices without any HIL/HTL (blue), with only PE-
DOT:PSS as[HILI (green), and the standard architecture with both, PE-
DOT:PSS as [HILl and XQUPD and XOTPD as [HTLk (red).

(b) HTL thickness variation with a standard device architecture.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / F8BT
/ CsF/AL EML thickness = 115 nm (a) and 195 nm (b).
[M,(F8BT) = 37 kg/mol.
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3.2 Polymeric emitters in thin film and OLED

EL spectra for the LIV data in fig. are shown in fig. [3.16] The first three
spectra belong to fig. [3.15| (a) and are coloured respectively. The orange spectrum
belongs to fig. [3.15| (b). The first dataset with 30 nm PEDOT, 30 nm XQUPD
and 30 nm XOTPD is chosen as representative, since all EL spectra of this set are

almost identical.

The low brightness of the F8SBT only device leads to a poor signal to noise ratio.
Therefore, the EL spectrum is not shown here. Because of their higher brightness,
the devices with PEDOT (green) and HTMs (red) exhibit smooth spectra. The
difference between the two devices with HIL and HTMs is a result of the different
EML thicknesses. As shown in fig. [3.18, EML thickness has a large impact on the

spectral shape.

1.2 :
I I I Device architecture:
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Fig. 3.16: EL spectra for the LIV data in fig. The green and red spectra be-
long to fig. (a) and are coloured respectively. The orange spectrum
belongs to fig. (b). The first dataset with 30 nm PEDOT, 30 nm
XQUPD and 30 nm XOTPD is chosen as representative, since all EL
spectra of this set are almost identical.

Device architecture: ITO / PEDOT (32 nm) / XQUPD (33 nm) /
XOTPD (31 nm) / F8BT / CsF/Al. EML thickness = 115 nm (blue,
green, red) and 195 nm (orange). [M,F8BT) = 37 kg/mol.

95



3 Results and Discussion

Device performance is not only defined by the stack archi-
tecture, but also by the thickness of each layer. In this
regard, EML thickness has the most significant influence.
Fig. (a) shows the effect of varying the EML thickness
of an F8BT based OLED. With increasing EML thickness,
resistance increases, resulting in a higher [V,,. However, as
shown in (c), there is no linear correlation between EML

thickness and Eff, ... To understand this phenomenon, EL

spectra shown in (b) have to be considered as well. It can
be seen that the EML thickness variation leads to a spectral
shift back and forth, with EL. maxima between 517 nm and 593 nm. This shift can
also be observed as a changing emission colour from green, to chartreuse, to yellow
and orange. The highest L., and Eff, ., are found for an emission maximum
around 535 nm. Within the shown range, an EML thickness around 190 - 200 nm
showed the overall best performance. Therefore, it was chosen as standard EML
thickness for F8BT based OLEDs in this work.

To highlight the spectral EL shift, the EL main and shoulder peaks are plot-
ted in (d). The values are plotted over total device thickness. Initially, increasing
the EML thickness shifts the emission peak towards higher wavelengths, which is
indicated by trend-lines. Around a total thickness of 225 nm, a second EL peak
appears at a lower wavelength. For this representation, the smaller of these two
peaks (marked in red) is called shoulder peak. Increasing the EML thickness even
further results in an inversion between those two peaks, thereby flipping the main
emission back towards lower wavelengths. After this jump, the same emission
wavelength increase with further increase of the EML thickness occurs as before.
The same jump is also found around a total thickness of 375 nm, indicating a pe-
riodical effect. As introduced in chapter these trend-lines represent different
resonant modes, which could be 3 (left), A (middle) and 2* (right) [56].

This wave-like spectral shift can be explained by optical effects, which were de-
scribed in chapter[2.4.2. Light emission within the amorphous EML radiates spher-

ically in all directions. For simplification, it can be assumed that 50% of the gen-

Ne}
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3.2 Polymeric emitters in thin film and OLED

erated light travels in forward direction, towards the transparent I'TO anode and
glass substrate, and 50% of the generated light travels in backward direction, to-
wards the reflective Al cathode. After reflection, the light originally travelling in
backward direction now also travels in forward direction. This reflected light beam
can now interfere with the light in forward direction. Coherent waves will experi-
ence constructive and destructive interference, respectively. Therefore, depending
on the position of the recombination zone in relation to the reflective cathode,
different emission wavelengths are increased or dampened. This leads to a varying

interference pattern for different EML thicknesses, similar to a cavity effect.

cathode

recombination
zone

HTLs «

glass substrate

Fig. 3.17: Exponential decay of the recombination zone within the EML of an
F8BT based OLED. The HTL/EML interface is indicated by a red ar-
row.

For cost and energy efficiency reasons (low drive voltage), regular OLEDs are usu-
ally designed with a lower total thickness than shown in this work. Therefore,
such severe spectral shifts are rarely observed. For CP-OLEDs, however, larger
EML thicknesses are a requirement to boost E-CP-effects. With a PL emission
maximum around 550 nm for F8BT, such EML thicknesses are in the range of A/4
to A/2, resulting in significant changes in the interference pattern. Also, the stack

architecture energetically promotes the recombination zone to be positioned close
to the EML/HTL interface (see energetic levels in fig. (a)). As illustrated in
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3 Results and Discussion

fig. the recombination zone within the EML of an F8BT based OLED decays
excponantially with increasing distance to the HTL/EML interface (indicated by
a red arrow). Therefore, changing the EML thickness has the greatest possible

influence on the outcoupled interference pattern.

For the PF and F8BT based OLED systems used in this work, optical interference
effects have a great influence on measured EL spectra. This concerns both, unpo-
larised and polarised results. To be able to analyse and improve CPL results, it
is essential to distinguish them from optical effects. In chapter 4, several methods
to decouple optical from CP-effects are proposed, including experimental changes

in device architecture, and supporting simulations.
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Fig. 3.18: LIV performance data (a) and normalised unpolarised EL spectra (b) of
F8BT based OLEDs with different EML thicknesses. Efficiencies at 10 V
(c) and main peak (black) and shoulder peak (red) spectral positions
(d) are shown for different total device thicknesses. In (d), trend-lines
of three resonant modes are added as guide to the eye.
Device architecture: ITO / PEDOT (32 nm) / XQUPD (31 nm) /
XOTPD (31 nm) / F8BT / CsF/AlL [M,[F8BT) = 37 kg/mol.
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3 Results and Discussion

For F8BT based CP-OLEDs, a curing step needs to be incorporated into the fab-
rication to induce the formation of a chiral phase. While this chiral phase does
not occur in devices without a chiral element, curing still has an effect on unpo-

larised OLEDs. Further information on the impact of curing on F8BT is given in

chapter [3.4]

Fig. shows the influence of different curing temperatures on device perfor-
mance (a) and EL spectra (b). As shown in chapter the molecular weight of
the used F8BT batch influences the ideal curing temperature. For this example,
F8BT-37 is used.

Compared to a pristine device (black), curing leads to a spectral red-shift. For
lower curing temperatures, device performance improves and increases Eff;,.. The
best performances are achieved at 150 - 170 °C (blue to green). At a higher cur-
ing T, device performance gradually decreases again. This occurs because ITO
conductivity starts to decline above 180 °C, as indicated by an increasing sheet
resistance. Additionally, PEDOT:PSS degradation sets in above 200 °C. This
degradation effect can be observed in the device cured at 300 °C (red). Device
performance is deteriorated, with [V, increasing from 3 V to 10 V and Ly, and
Eff, .« significantly reduced.

By replacing some of the materials used in those OLEDs, it would be possible
to apply higher curing temperatures without damaging the device. Instead of
ITO, fluorinated ITO (FTO) is usually chosen for applications with higher curing
temperatures. Likewise, more thermally stable versions of PEDOT:PSS are com-
mercially available. Those materials might be a better alternative for the higher
F8BT batches analysed in this work, which require higher curing temperatures
for best CP-effects. For the present system, however, curing temperatures above

200 °C are not recommended.
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3.2 Polymeric emitters in thin film and OLED

curing T:
—8— pristine 170°C 200°C 1.2 . . .
—a— 150°C —=— 180°C —=— 300°C curing T:
160°C 190°C 1 B —pristinne
MR RERERRRse==3nensse BTN —
€102 | e = 08} 170°C
G . F 8 ——180°C
<10 ) E o6} 102
el 45 7 5 e
>0 : £ c04f g
S S
10—2 E. 'l?u Il 1 1 " P T Y 1 " 8 0.2 F —
,0.2 4 6 81012141618 20 22 24 . / , -
0T T T T T Ll 1 450 500 550 600 650 700
~ 10° | - Wavelength / nm
3 10% k . b
S 10" b B
" E 535 T T T T
oo L S L. P U 4 PR PR I PO A n
0 2 4 6 810121416 18 20 22 - o = 13
3.0_.....,...,_.¥.....,._ E 1 - l/\l\. <
25 g I | 1 £330 o
<20f | 1a "~u 1%
O 15 ; ><' \—> H
— 2 ® 525 - | 11 %
i 1013 € —m— max. EL &
0.5 |-« = —M— max. Eff \
00 T T T T 520 . . ; "l
2 4 6 8 101214 16 18 20 22 24 RT 150 160 170 180 190 200 300
Voltage / V curing T/ °C
(c)
(a)

Fig. 3.19: LIV performance data (a) and EL spectra (b) of F8BT based OLEDs
cured at different temperatures. Maximum EL wavelengths (black) and
maximum efficiencies (blue) are given for all curing temperatures in (c).
Device architecture: ITO / PEDOT (36 nm) / XQUPD (33 nm) /
XOTPD (22 nm) / F8BT (150 nm) / CsF/Al (cured 20 min@RT -
300 °C). [M[FSBT) = 37 kg/mol.

The curing step is performed directly after spin-coating of the EML. Curing in-
stead after evaporation of the metal cathode leads to rapid device degradation.
Curing of a complete OLED device leads to the deformation and breakdown of
the cathode, as shown in fig. rendering the device inoperable. Even a curing
time of 2 min, which is a much shorter period than typically used for this system,

results in the complete destruction of the device.
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3 Results and Discussion

The examples shown in fig. also contain 10 wt% of the chiral inducer R5011.

It is, however, likely that devices without chiral inducer would behave similarly.

Fig. 3.20: Pictures of cured F8BT based OLEDs. The left device was cured for
20 min at 180 °C before evaporation of the cathode, resulting in a smooth
cathode surface. The right device was cured for 2 min at 180 °C with
the cathode already evaporated onto the stack, leading to a wrinkled

and even ripped cathode surface.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / F8BT +
10 wt% R5011 / CsF/Al [MF8BT) = 37 kg/mol.
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3.3 F8BT molecular weight

3.3 F8BT molecular weight

In this work, a wide range of molecular weights of F8BT polymers was analysed.
An overview of the different batches is given in tab.[3.3] It is clear that, depending
on the PDI, the average polymer length or number of monomer units calculated via
|M,) or | M, differs significantly. As explained in chapter [2.3] [M, ] factors in polymer
size, which makes it the more relevant value when analysing physical properties
like thermal behaviour. For this reason, the different F8BT batches are named
and structured based on their [M,)]

Tab. 3.3: F8BT batches with [M,] [M,, and PDI. The average number of monomer
units (F8-BT couples, endcaps excluded) was calculated based on the av-
erage molecular masses. Polymers marked with a star were synthesised
by Dr. Jiirgen Schelter in the group of Prof. Meerholz. All other poly-
mers were purchased from 1 Material.

Material / / PDI ﬁ(i)?somer uMn(i)i?somer
g/mol | g/mol (via[M,) | (via|M,)
F8BT-2* 1,920 1,103 1.74 3 2
F8BT-3 2,590 1,880 1.38 d 3
F8BT-7* 6,850 2,403 2.85 13 4
F8BT-13 12,600 7,000 1.80 24 13
FSBT-21 21,100 | 12,500 1.68 40 24
F8BT-24* 24,400 9,138 2.67 46 17
F8BT-28 28,000 14,000 2.00 53 26
F8BT-37 36,800 17,300 2.13 70 33
F8BT-39 38,863 17,400 2.23 74 33
F8BT-54 53,700 28,400 1.89 102 o4
F8BT-122* 122,000 13,260 9.20 233 25
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3 Results and Discussion

To compare the thermal phase behaviour of F8BT polymers with different molecu-
lar weights, differential scanning calorimetry (DSC) measurements were performed.
Fig. shows the second or later heating curve of these DSC measurements. As
widely accepted standard, (a) displays slow measurements with a heating rate of
10 °C/min. This heating rate benefits from high accuracy and good temperature
resolution, but the features are often flat and difficult to analyse. To increase
sensitivity and feature intensity, (b) shows fast DSC measurements with a heat-
ing rate of 30 °C/min. This method provides an easier detection of features, but
can suffer from poor temperature resolution. Both measurements combined allow
for an easy feature detection with fast DSC and exact temperature assignment of
those features with slow DSC.

Explanation of the DSC signals is given on the example of F8BT-37, shown in
fig.
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Fig. 3.21: DSC measurements of F8BT-37. Heating rate 10 °C/min, second heating
scan. Heatflow was divided by sample mass.

F8BT-37 has a step-like signal around 100 °C, associated with . Unfortunately,
can not clearly be identified in all batches, but depending on the molecular
weight of the batch, values between 60 °C and 110 °C can be found.
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3.3 F8BT molecular weight

At 133 °C, F8BT-37 exhibits a peak, which can be found around 130 - 150 °C
in other batches as well. Since the peak is exothermic, it indicates some kind of

phase formation.

The next feature, found at 185 °C for F8BT-37 and between 173 °C and 196 °C
for other batches, is only small. However, for FSBT based CP-OLEDs, this peak
is the most significant. While the exact nature of this phase is unclear, its ther-
mal position aligns with the experimentally identified ideal curing temperature to
achieve maximum ggy, or CD values. Its exothermic nature identifies this peak as
another crystallisation. In fig. [3.22| (b), where measurements were performed with
a faster heating rate, this signal is more clearly visible. However, the temperature
resolution of faster measurements is not exact. Therefore, these faster measure-

ments should only be used to better identify the signal.

F8BT-37 shows two endothermic peaks at 203 °C and 217 °C, which are asso-
ciated with the polymer melting into a liquid crystalline phase (7). Especially
for polymers with high polydispersities, multiple of such melting features could
indicate fractionation. These features can be found between 180 °C and 260 °C
in most F8BT batches [48] [63]. Above |T,), F8BT thin films typically experience
volume reduction (see chapter [3.4.1.)
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Fig. 3.22: DSC measurements of different F8BT batches. Heating rates were either
slow with 10 °C/min (a) or fast DSC with 30 °C/min (b). Only second
or later heating scans are shown. Heatflow was divided by sample mass,
curves are stacked for better visibility.
Solid lines represent F8BT batches purchased from 1Material, dashed
lines represent F8BT batches synthesised by Dr. Jiirgen Schelter.

For mixed systems consisting of F8BT and a chiral inducer, the thermal phase

behaviour changes slightly. R5011 acts as a plasticiser, thereby reducing the tem-
perature at which the above mentioned phase transitions occur. In fig. [3.81] DSC

measurements of such mixtures with different chiral inducer concentrations are

shown.
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3.4 Thermal annealing of F8BT thin films

Thermal annealing, also called curing, is an important factor for polymer based
CP-OLEDs. The implications curing has on PF and F8BT thin films and OLEDs
was already briefly introduced in chapters Also, the molecular weight depen-
dence of thermal phase behaviour was introduced in chapter [3.3

In this chapter, the effect of curing on F8BT is analysed further. A focus is set
on volume reduction (chapter [3.4.1), surface roughness (chapter [3.4.2), aggrega-
tion (chapter as well as changes in absorption, PL and PLQY (chapter [3.4.4).

While these aspects were only studied for F8BT in this work, it can be presumed
that other PF polymers behave similarly.

3.4.1 F8BT thin film volume reduction

It should be noted, that, especially at higher curing temperatures, F8BT thin films
can experience shrinkage. Fig. shows the layer volume reduction of a FSBT-37
based OLED through curing. The here used F8BT batch is identical to the DSC

example in fig.

At lower curing temperatures, the layer thickness remains constant. The shown
thickness variations are in the range of typical sample to sample variations. Ad-
ditionally, for higher curing temperatures and times, surface roughness can occur
(see chapter , which makes an exact layer thickness determination impossible.

Above [T} the layer thickness decreases. Here, for the example of F8BT-37,

volume reduction sets in around 200 °C. In this example, the final layer thickness

after curing decreased by 17 %.
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Fig. 3.23: Layer thickness volume reduction of F8BT based OLEDs through curing.
[M,[F8BT) = 37 kg/mol.

To explain this behaviour, the arrangement of the polymer and its behaviour dur-
ing curing needs to be analysed. After spin-coating, the polymer chains tend to be
entangled. Through curing, the chains can reorder into a more favourable position
where the space between the polymer chains is reduced [48]. This effect becomes
more intense at higher temperatures, especially above |T,] Because of the large
impact of the EML thickness on the outcoupled EL spectrum and CPL properties,

exact layer thickness measurements of every device are critical.

While volume reduction for F8BT thin films only occurs for temperatures above

|T,,), it is much more significant in mixed systems with a chiral inducer. This aspect
is highlighted in chapter [3.9

In this work, no evaluation of the molecular weight dependent phase behaviour
of PF based polymers was made. It can, however, be assumed, that they would

show similar phases as F8BT.
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3.4 Thermal annealing of FSBT thin films

3.4.2 F8BT surface roughness

Additional to shrinkage, development of surface roughness structures can be ob-
served in many F8BT thin films after curing. This effect occurs likewise for neat
samples and samples with mixed in additives and has previously been reported for
F8BT [48].

Fig. shows surface pictures of a pristine (a) and annealed (b) F8BT thin
film. While the freshly spin-coated, pristine layer is smooth, the annealed layer
developed visible surface roughness. These structures might be due to crystal nu-
clei of specific phases. Another possible explanation would be phase separation.
Smaller molecules within a mixture, which could be additives like chiral inducers
or shorter polymer chains, have a tendency to move to the surface and could aggre-
gate there. Higher curing temperatures and longer curing times generally increase

this effect. However, it does not seem to have a negative impact on CPL-effects.

If viewed under a microscope (right pictures), the difference in structure becomes
even more visible. These samples of F8BT-37 were spin-coated onto thin layers of
XOTPD. Shown is a scale of magnification of 100x0.75. The vertical lines visible
in these pictures are scratches in the underlying XOTPD layer. They are a re-
sult of the rubbing process, which was used in linear alignment experiments. For
the demonstration of surface roughness structures, however, the presence of an
alignment layer is inconsequential. Additionally, due to substrate handling out-
side a dust-free environment, dust particles on top of the layers are visible. These
particles are not part of the layer, which can be confirmed in profilometry mea-
surements, or by brushing them away. Such impurities are not present in a typical

OLED fabrication process and therefore don’t pose a problem.

It can be seen that the pristine F8BT layer (a) is smooth and homogenous, even
at higher magnification. After curing for 20 min@220 °C (bottom left) and 5 min
at 300 °C (bottom right), however, surface roughness of the F8BT layer increases
significantly. In contrast to the pristine layer, the visible particles do not lie on top

of the layer, but are partially embedded. This observation is supported by pro-
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3 Results and Discussion

filometry measurements. Since sample fabrication, including curing, takes place
inside a glove box, it can be excluded that impurities or dust were melted into
the film. Instead, it is more likely that the particles represent specific phases
or crystalline aggregates. At higher magnification, the pattern resembles a liquid
crystalline phase, even though no polarisers or chiral elements were used here. This
supports the assumption that during the short and hot annealing process, phase
changes occurred simultaneously throughout the layer, resulting in a multidomain

inhomogeneous phase.

The microscopy pictures shown in fig. are taken without polarisers. How-
ever, polarisation microscopy (POM) was performed as well. For all measured
sampled, no light could pass the crossed polarisers, resulting in a black image.
This includes thin films of F8BT, F8BT+R5011 and the chirally functionalised
PF P(F4/c2-F8) (see chapter [3.7.2). Samples were measured with and without
an underlying rubbed [PI-based alignment layer. The samples were tested pristine
and after curing for 20 min at 150 °C and 300 °C, respectively. Different layer
thicknesses between 50 nm and 200 nm were analysed. However, it is possible
that the structures were too small to be visible in POM. Other results could be

achieved by analysing thicker layers.

110



3.4 Thermal annealing of FSBT thin films

(b) cured

Fig. 3.24: Pictures of pristine (a) and cured (b) F8BT-37 thin film surfaces.
Images on the left were taken with the camera of a DEKTAK profilome-

ter. In the top left picture, the underlying structure of the sample stage
can be seen as vertical grooves.

Images on the right are microscopy pictures with a magnification of
100x0.75.

The bottom samples were cured 20 min@220 °C (left) and 5 min@300 °C
(right).
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3.4.3 F8BT aggregation

It has been reported that FEBT can form non-emissive aggregates under certain
conditions [48]. Such aggregates could already be present in solution and might

be retained after spin-coating.

Fig. [3.26[shows UV /Vis absorption and PL data of F8BT thin films. The samples
were produced using either freshly prepared or old F8BT solutions. The solutions
were either spin-coated directly, or filtered through a syringe filter prior to spin-
coating. The resulting layers were analysed in pristine condition, as well as after
subsequent 15 min curing intervals at 115 °C and 175 °C. For the here used batch
F8BT-21, the chosen curing conditions represent values slightly above [T,|and the

experimentally found ideal curing temperature for CPL experiments.

Curing leads to changes in the absorption and PL spectra for all samples. This
aspect will be analysed in detail in chapter [3.4.4. This chapter, however, focuses
only on the differences between freshly prepared and old, as well as unfiltered and
filtered solutions. It can be said that the thin films of all four solutions produce
almost identical spectral shapes for each curing condition. To clarify, the following

example is given:

As shown in fig. [3.25| (a) and (c), the normalised absorption and PL spectra of
all four layers cured at 115 °C are identical. There is, however, a spectral shift
and maximum intensity difference between the absorption (b) and PL (d) spectra
of uncured and cured samples, respectively. The sice of this intensity difference

depends on from which solution the sample was spin-coated.
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Fig. 3.25: Normalised absorption (a) and PL (c) spectra of F8SBT-21 thin films.

Samples were spin-coated from old unfiltered (black) or filtered (blue)
solutions, or from new unfiltered (green) or filtered (red) solutions. All
samples were cured 15 min at 115 °C.
Absorption (b) and PL (d) spectra of an F8BT-21 thin film, spin-coated
from an old, unfiltered solution. Sample is shown pristine (dark blue),
and after 15 min curing at 115 °C (light green) and 175 °C (dark red),
respectively. A\ex = 460 nm.
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Fig [3.26| shows the intensity differences for absorption (a) and PL (b) as relative

values, as well as PLQY values (c) before and after curing.

1.2 ' ~H - old solution unfiltered 3.0 T " =~ - old solution unfiltered
=~ old solution filtered =l old solution filtered
11+F =l - new solution unfiltered 25+ ~M-new solution unfiltered
— M- new solution filtered M- new solution filtered
» _
010} B ——— 4 120t i
< o
3 09F j D15} _
9__) 0.9 9
0.8 i 1.0 i
07 I L 05 4
pristine cured cured pristine cured cured
@115°C @175°C @115°C @175°C
(a) (b)
40 T T |-l- old solution unfiltered
=l - old solution filtered
35| =l - new solution unfiltered

=l - new solution filtered

| |
ol [
15 1 1 1
pristine cured cured
@115°C @175 °C
(c)

Fig. 3.26: Relative absorption at 462 nm (a), relative PL at 540 nm (b) and PLQY
(c) of F8BT-21 thin films.
The layers were spin-coated from a freshly prepared or old solution,
which was used directly or after filtering through a syringe filter. Those
layers were then measured in pristine condition, and after 15 min curing
at 115 °C and subsequently 175 °C. Aex = 460 nm.

For the relative absorption data in (a), no relative absorption difference between

the preparation methods is found. Relative absorption decreases after curing at

175 °C, which is a side effect of rearranging the polymer chains.
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3.4 Thermal annealing of FSBT thin films

An increased relative PL (b) is found after curing at 115 °C. This effect occurs
for all samples, with the samples from filtered solutions experiencing a larger in-
crease compared to the unfiltered solutions. Through curing above the torsion
angle between the F8 and BT units can change and the polymer chains start to
rearrange. The now predominant alternating packing structure produces a more
complex energetic structure, resulting in an increased emission [117, [118]. After
curing at 175 °C, however, all samples fall below the original PL intensity, sug-

gesting the formation of non-emissive aggregates [4§].

While absorption and PL are layer thickness dependent and could only be com-
pared as relative values, PLQY measurements can be compared directly. The
PLQY values (c) of pristine layers illustrate the difference between filtered and
unfiltered solutions. While a fresh F8BT solution has a slightly higher PLQY than
an older solution, filtering both solutions results in an increased PLQY to the same
level. This indicates that in both solutions, some non-emissive or quenching ag-
gregates, or possibly impurities, might be present, which can be removed through
filtering. Increased PLQY values are found after curing at 115 °C, which is analo-
gous to the effect seen in (b) for PL. Likewise, PLQY values decrease after curing
at 175 °C. While the samples from filtered solutions still possess the highest PLQY
values, all samples display a similar performance around 23+3 %, suggesting that,

despite their different origins, a comparable state has been reached.

In conclusion, it can be assumed that freshly filtering F8BT solutions right before
spin-coating might slightly increase efficiency by removing insoluble aggregates or
impurities. Curing to has an even greater benefit. However, curing to higher
temperatures, which is necessary for F8BT based CP-OLEDs, revokes those ad-

vantages.
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3.4.4 F8BT curing temperature

As shown in chapter [3.3] different F8BT batches react differently to thermal an-
nealing, depending on their molecular weight. Also, as seen in fig. [3.25| (b) and
(d) on the example of F8BT-21, thermal annealing of F8BT thin films leads
to an absorption and PL spectral shift. In this chapter, the influence of differ-
ent curing temperatures on the absorption, PL and photoluminescence quantum
yield properties of F8BT thin films with different molecular weights is

analysed.

Fig.[3.27shows normalised absorption (left) and PL (right) spectra of pristine (top)
and cured (bottom) F8BT+R5011 thin films [} The samples contained 10 wt% of
the non-emissive chiral inducer R5011. This is irrelevant for unpolarised measure-
ments, as the presence of the chiral inducer does not influence the shown effects,
as can be seen when comparing the spectra from fig. with fig. It allows,
however, the additional acquisition of CD data, which is introduced in chapter

Here, F8BT thin films with different molecular weights are compared. Curing for
15 min at 250 °C is above T, for all FSBT batches. The wavelength of absorption
and PL peaks of these spectra are also shown in fig. |3.28

2 Acquisition of some of the data shown in this chapter was supported by Annemarie Berger
and Viktor Schlichting. Experiment planning and evaluation by Claudia Dillmann.
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Fig. 3.27: Normalised absorption (left) and PL (right) spectra of F8BT + 10 wt%
R5011 thin films with different molecular weights. Samples are shown
pristine (top) and after curing for 15 min at 250 °C (bottom).

Solid lines represent F8BT batches purchased from I1Material, dashed
lines represent F8BT batches synthesised by Dr. Jirgen Schelter.
Aex = 460 nm.
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The spectral shift can be seen better in fig. In (a), the absorption peak
around 450 nm was chosen. While this is not the largest peak for most of the

shown spectra, it is the more relevant signal.

The given trend-lines highlight the gradual absorption redshift with increasing
molecular weight. While this is already the case for pristine thin films, the effect
is even stronger for cured samples. This could indicate aggregation, which is a

known effect, especially at higher curing temperatures.

From the PL data, an opposite trend for pristine and cured samples with medium

molecular weights is found. Here, curing leads to a blueshifted emission.
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Fig. 3.28: Maximum absorption (a) and PL (b) wavelengths for F8BT + 10 wt%
R5011 thin films with different molecular weights. Samples are shown
pristine (black) and after curing for 15 min at 250 °C (red). For each
dataset, a trend-line is drawn.

Batches synthesised by Dr. Jirgen Schelter are marked with a star.
Aex = 460 nm.

To better analyse the absorption and PL behaviour of F8BT with different molec-
ular weights, three representative examples from the this data set are given and
compared. Fig. [3.29 shows absorption (top row) and PL (bottom row) data for
thin films of three F8BT batches. Shown here are measurements of pristine (blue)

and cured at 250 °C (red) samples. To assure maximum comparability, all three
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3.4 Thermal annealing of FSBT thin films

F8BT batches shown were purchased from the same supplier and synthesised with

the same method.

As an example for a very short oligomer, data of F8BT-2 is given in (a). Even after
curing, absorption spectra remain almost unchanged. At the same time, however,
a significant decline in PL intensity occurs, which could indicate the formation of

non-emissive aggregates.

F8BT-13 (b), despite its rather low molecular weight, proved to be one of the
best batches for CPL applications. After curing, a decrease in absorption and PL
intensity can be observed. Additionally, the second absorption peak around 450 nm
is slightly red-shifted and broadened, which is a common effect reported in litera-
ture. PL intensity decreased, but the effect is not as strong as in F8BT-2. During
curing, polymers can rearrange, thereby reducing the space between individual
polymer chains. This increases the likelihood of aggregates (ground state) and
excimers (excited state). The latter typically shows red-shifted emission. Since in
this case, a blue-shift is observed, the presence of non-emissive aggregates is more
likely [48].

F8BT-54 (c) was chosen as an example for a batch with much higher molecular
weight. The same absorption intensity decrease and shift as observed in F8BT-13
are found, but less extensive. Both samples also display a non-zero absorption
signal above 525 nm, indicative of light scattering caused by the rough surface
[48]. However, the PL intensity remains almost constant, while the peak becomes
slightly more narrow. This suggests that higher molecular weight batches might

form less non-emissive aggregates upon curing.
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3.29: Absorption (top row) and PL (bottom row) data of F8BT + 10 wt% R5011 thin films. Samples are shown

in pristine condition (blue) and after curing for 15 min at 250
of F8BT were chosen, F8BT-3 (a), F8BT-13 (b) and F8BT-102

batches, see tab. E

°C (red).
(¢). For more information about these F§BT

Three exemplary molecular weights
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3.4 Thermal annealing of FSBT thin films

Fig. displays the relative absorption after curing for all batches. Shown are

maximum absorption intensities of the signal around 460 nm.

In (a), a stepwise curing process is shown for the two examples F8BT-13 (red)
and F8BT-39 (green). These samples were cured successively for 15 min at each
given temperature. With increasing curing temperature, a gradual absorption in-
tensity decrease is found. In accordance with DSC measurements (chapter ,
this decline sets in at lower temperatures for lower molecular weight batches like
F8BT-13 and at higher temperatures for higher molecular weight batches like
F8BT-39.

In (b), the molecular weight dependence of this absorption intensity decline is even
more clear. Here, the relative absorption of pristine samples compared to samples
cured at 250 °C is shown as a function of molecular weight. While low batches
remain almost unchanged and high |M,| batches over 37 kg/mol seem to plateau
at a constant value, the largest absorption decline is found for medium |M,,|batches.

As previously mentioned, batches synthesised by Dr. Jirgen Schelter (stars),

while following the same trend, behave slightly different than commercially ac-

quired batches (squares) and are therefore marked separately.

121



3 Results and Discussion

11 T T T T T T T T T T T T T 1 1 T
—m— commercially acquired
10 L - -%- - synthesized at AKM
n 09 .
2 i
<ost 1 ) R
— I ] R - T
90,7_ i . ". l\ﬁ//_——-"'
06 F8BT-13 . MR
—=—F8BT-39 : 0.4r
05 1 1 1 1 1 1 03 | L L L L L
25 50 75 100 125 150 175 200 225 250 0 20 40 60 80 100 120
curing T/°C M,, / kg/mol
(a) (b)

Fig. 3.30: Absorption change of thin films of different F8BT batches with
10 wt% R5011. Shown are maximum absorption intensities for the signal
around 460 nm. Pristine samples are compared to cured samples.
Samples were subsequently cured 15 min at different temperatures (a),
with a maximum curing temperature of 250 °C (b).

Batches synthesised by Dr. Jiirgen Schelter are marked with a star.

Analogous to absorption data, fig. highlights the emission behaviour after
curing. The same F8BT + 10 wt% R5011 thin films were used for PL measure-
ments as for the previously shown UV /Vis measurements. Shown are maximum

PL intensities of the signal around 550 nm.

For the relative PL intensities of pristine samples compared to samples cured at
250 °C (b), a general trend can be found. Low batches experience a significant
PL intensity decline after curing, while high batches remain constant or even
show a slight increase. This curing temperature of 250 °C represents a value above
for all batches.

In contrast, curing at lower temperatures produces a more diverse picture. For
this, the same examples shown in fig. [3.30| (a) are analysed here as well for a step-
wise curing process. Both, the lower example F8BT-13 (green) and higher
example F8BT-39 (red) show a relative PL increase when cured around their

respective This result is in accordance with literature, as curing slightly above
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3.4 Thermal annealing of FSBT thin films

has been reported to boost OLED efficiency [48, [117]. Above however, fur-
ther curing leads to a PL decrease, possibly due to the formation of non-emissive

aggregates.

In contrast to absorption experiments, where low, medium and high |[M,| batches
show different behaviour, the PL results follow a linear dependence with increasing
|M,] Here, the relative PL (b) of pristine samples compared to samples cured at
250 °C is shown as a function of molecular weight. Lower batches experience
the highest relative PL decline, while high [M,] batches show a relative PL increase.
As with absorption, the synthesised batches (stars) follow the same trend, but are

slightly shifted compared to the commercially acquired batches (squares).

In (¢) and (d), absolute and relative PLQY values of pristine and cured F8BT
+ 10 wt%R5011 thin films are shown. Like the previously shown absorption and
PL data, which were measured on the same samples, different FSBT batches are

compared.

Absolute PLQY values of pristine and cured samples (c) and relative PLQY values
(d) both show the same trend. After curing at 250 °C, lower batches expe-
rience a decrease in PLQY, while higher batches show an increase in PLQY.
However, the highest PLQY values are achieved for medium batches between
13 and 39 kg/mol. As before, the batches synthesised by Dr. Jiirgen Schelter
(stars) follow the same trend as the commercially acquired batches (squares), but

with a generally lower PLQY.
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Fig. 3.31: Emission change of F8BT + 10 wt%R5011 thin films before and after
curing. Different F8BT batches are compared. Shown are maximum PL
intensities for the peak around 550 nm (top) and PLQY values (bottom).
(a) and (c) samples cured 15 min at different temperatures, subsequently.
(b) and (d) normalised PL and PLQY data of pristine samples compared
to samples cured at 250 °C. Batches synthesised by Dr. Jiirgen Schelter
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3.4 Thermal annealing of FSBT thin films

It is noticeable, that the relative PLQY in fig. 3.31] (d) increased, even though the
relative PL in fig. [3.31] (b) decreased, or increased only slightly. To understand
this behaviour, the relative absorption decrease shown in fig. [3.30| (b) has to be

taken into account as well.

PLQY is calculated as a ratio of absorbed photons to emitted photons. Here,
absorption decreased significantly for almost all samples. PL, on the other hand,
decreased for low molecular weight batches and even increased slightly for high
molecular weight batches. If the absorption decrease is larger than the PL de-

crease, it is possible to calculate an increased PLQY, despite a decrease in PL.

3.4.5 F8BT annealing conclusion

In this section, different aspects about cured F8BT thin films were introduced.

It was shown, that curing of F8BT thin films above |T,|leads to volume reduction
up to 17 % for a curing temperature of 300 °C. This is the result of the polymer

melting and flattening out on the surface.

Already at lower curing temperatures, the originally smooth surface develops
roughness, which increases with higher curing temperatures or longer curing times.
Presumably, this indicates the formation of a different phase of crystalline aggre-

gates.

Based on relative absorption, PL and PLQY measurements, it has to be assumed
that F8BT solutions used for spin-coating can already contain non-emissive aggre-
gates. This effect can be reduced by using freshly prepared solutions and filtering
before spin-coating. However, after curing at larger temperatures typically re-
quired for the CP-OLEDs built in this work, the benefit gained through filtering

is lost.
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3 Results and Discussion

In chapter [3.3] the molecular weight dependence of thermal phase behaviour of
F8BT was shown. In chapter [3.4.4, this could be related to changes in the optical
behaviour. With increasing F8BT molecular weight, a red-shift of the absorption
peak is observed, which increases after curing. In contrast, only the PL emission
peak of medium molecular weight batches is red-shifted, and experiences a blue-
shift upon curing. In general, curing leads to a decrease in relative absorption,
which is strongest for medium molecular weight batches. For each F8BT, the de-
crease sets in at the respective experimentally identified ideal curing temperature
for best CP-effects in CP-OLEDs. At the same time, curing leads to a change in
relative PL, which follows a linear correlation with increasing molecular weight.
Analogously, curing leads to a PLQY increase for most matches, which also follows

a linear trend with increasing molecular weight.

For F8BT thin films containing a chiral inducer, the curing temperature dependent

chiral phase behaviour can be analysed as well. These aspects are highlighted in

chapter
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3.5 CP-OLED strategies

3.5 CP-OLED strategies

The aim of this work is the optimisation of CP-OLEDs. In chapters[3.2)to[3.4] the
preliminary results for this goal, analysis of the behaviour of emissive polymers,

were presented.

In the following chapters, these polymers and other materials are used to build

CP-OLEDs. For this, three general strategies are used:
1. I-CPL emitters
2. one component systems
3. mixed systems

In chapter two helicene based molecules are analysed as I-CPL emitters.

In chapter [3.7 several chiral polyfluorene polymers are used as one component
system E-CPL emitters. The used materials including functionalised PF
co-polymers (chapter [3.7.1), PFs with chiral side chains (chapters [3.7.2 to
and F8BT with chiral side chains (chapter [3.7.7).

In chapter [3.8, the achiral emitter polymer F8BT is combined with the non-
emissive chiral inducer R5011 to create a mixed system E-CP-effect. Following

the same strategy, the helicene based molecules introduced in chapter are used
as chiral inducers here as well (chapter [3.8.1).

To increase the CP-effect of CP-OLEDs, several factors are analysed in this work.
This includes chiral phase behaviour for different polymer compositions and molec-
ular weights, layer thickness variations, different curing conditions and chiral in-

ducer concentrations.
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3 Results and Discussion

3.6 Chiral small molecules as CPL-emitters

As described in chapter [2.6.2, chiral emitter molecules can be used to generate
intrinsic CPL (I-CPL) effects. In this concept, the molecule directly emits CP-PL

or -EL. The effect occurs in solution as well as in film.

In this chapter, two chiral emitter molecules, [H1-Mey (chapter m and
[ThiahelalkBZT (chapter are introduced. Both molecules are based on a

helicene core, making them potential I-CPL emitters.

The reported ginrinsic values of there materials are low, typically in the range of
104 - 103, With the CPL measuring set-up introduced in chapter , ggr, values
of this magnitude cannot be measured with sufficient accuracy. Also, apart from
their scientific significance, a low CP-effect of this magnitude would not have any

benefits in applications.

Instead, the same chiral molecules can be used as non-emissive chiral inducers
in an emissive achiral polymer matrix. This way, extrinsic CPL (E-CPL) effects
would be promoted. For this kind of CP-OLED system, large |gg1| values of up to
1.1 have already been reported. In contrast to I-CPL systems, CP-effects of this

magnitude can already be attractive for commercial applications.

Detailed information on E-CPL systems, chiral inducers and the influence of sev-

eral device architecture and preparation parameters will be given in chapter
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3.6 Chiral small molecules as CPL-emitters

3.6.1 H1-Me,

/7 \
Fig. 3.32: Structure of P

The structure shown in fig. is called [H1-Me, | The all-ortho-fused azab-
ora[7]helicene displays structural chirality with exceptional configurational sta-
bility. The reported HOMO/LUMO energy levels for [H1-Me, derived from CV
measurements are —6.08 eV and —3.04 eV, respectively [119].

As seen in fig. [3.33] neat thin films of [H1-Me, show two main absorption peaks
around 415 nm and 435 nm. The PL emission spectrum features two peaks around
460 nm and 475 nm. The same peaks, while at a much lower intensity, can be
found when 2.5 - 15 wt% |[H1-Mey are embedded into a poly(9-vinylcarbazole)
(PVK) matrix. [PLQY measurements of said films result in overall low values of
7.6% for neat [H1-Me, and 1.7 - 4.0% in PVK.

was synthesised by Julian Full, working group of Prof. Agnieszka Nowak-Kro6l, Uni-
versity of Wiirzburg.
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Fig. 3.33: Normalised absorption (blue) an PL (red) spectra of a spin-coated neat
H1-Meo| thin film; PLQY = 7.6%, Aex = 410 nm.

With such low PLQY values, it is not surprising that OLEDs with [H1-Me, as
emitter material E] have poor device performances. A high [V, of 18 - 20 V is
required to operate such a device. Still, only a maximum brightness of L,,.,, =
4 - 9 Cd/m? is achieved. The subsequent swift device degradation makes CP-EL

measurements impossible.

While [H1-Me, is not suitable as I-CPL emitter, it was also tested as non-emissive
chiral inducer in F8BT. The results of this E-CPL system are presented in chap-
ter [3.8.1.

4Device architecture: ITO / PEDOT / XQUPD / XOTPD / neat or 5 - 15 wt% in
PVK / CsF/Al
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3.6 Chiral small molecules as CPL-emitters

3.6.2 ThiahelalkBZT

Fig. 3.34: Structure of P{ThiahelalkBZTI

The structure shown in fig. [3.34]is called [ThiahelalkBZTP} Like[H1-Mey, it is based
on a [7]helicene core, only here in a m-extended form. The thiophene benzothia-
diazole donor-acceptor structure not only improves electronic properties, but also
increases steric hindrance and therefore enantiomeric stability. HOMO/LUMO
energy levels derived from CV measurements are —5.61 eV and —2.95 eV, respec-
tively ﬁ The extensive, rigid, sterically chiral structure allows for an exceptionally
high calculated maximum gpy, value of 1.5x102. However, like all other intrinsic
CP-effects found so far, it is much smaller that would be required for CP-OLED
applications. And in fact, it is too small to be measured with the set-up introduced

in chapter (3.1

Other than [H1-Me,, [ThiahelalkBZT performed reasonably well as emitter in an
OLED. EL peaks at 495 nm and 525 nm can be observed when [ThiahelalkBZT

is embedded in a non-emissive PVK matrix. The achieved maximum brightness

around 200 Cd/m? is even high enough for CP-EL measurements. However, the

[ThiahelalkBZT] was synthesised in the working group of Prof. Klaus Miillen, MPIP Mainz.
6Max. gpy, calculations were performed by the group of Prof. Zikie Qiu, MPIP Mainz. CV
measurements were performed by Stephanie Riith in the group of Prof. Meerholz
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3 Results and Discussion

CP-EL measurement set-up used in this work is not sensitive enough to detect a
potential I-CP-effect in the typical range of 10 to 10, resulting in a measured

ggr, value of zero for this system.

Similar results are found when PFO is used as matrix material instead. While
PFO can also be used as emitter material, the emission recorded from this system
originates from [ThiahelalkBZT, because it acts as energetic trap. As shown in

chapter [3.8], curing of such a system consisting of a polymer capable of forming a

liquid crystalline phase and a chiral molecule, can lead to the formation of a chiral
phase. As introduced at fig. in chapter [2.6.3, this could lead to a CP-selective
FRET from the chiral phase onto the I-CPL emitter, thereby boosting the CPL
emission to a level that would be detectable by the here used measurement set-up

[46]. Unfortunately, this was not the case, as the measured ggy, value was still zero.

While [ThiahelalkBZT is not suitable as I-CPL emitter, it was also tested as non-
emissive chiral inducer in F8BT. The results of this E-CPL system are presented

in chapter [3.8.1.

132



3.7 One component systems

3.7 One component systems

A promising approach to achieve CP-OLEDs with excellent performance and high
ggr, values is combining a chiral element with a polymeric emitter capable of form-
ing a liquid crystalline phase. Some of the earliest published examples for
CP-OLEDs are from this category [3] 184} [89].

In this work, polyfluorene (PE) was chosen as base for this approach. PF is an
extensively studied blue polymeric emitter, capable of forming a [LCl phase at tem-
peratures appropriate for OLED applications. For CP-OLEDs, PFs with different

chiral functionalities will be introduced in the following chapters.

Chiral functionalisation of a PF polymer can be done in different ways. Here,
two main strategies are used. In chapter [3.7.1, achiral fluorene monomers are
co-polymerised with another chiral monomer. The resulting polymer can form a
helical structure. In chapter[3.7.2, PFs are functionalised with different chiral alkyl

chains, which, upon curing, promote the formation of a chiral phase.

The names of the polymers used in this section obey the same system:

Homo- and co-polymers follow the pattern of P(A) and P(A-B), respectively, with
the monomers A and B.

Fluorene monomers are indicated by the letter F, followed by a number, represent-
ing the total side chain length.

For chirally functionalised side chains, the position of the chiral centre is indicated
by the letter ¢ and its position, with the R- or S-handedness of the enantiomer set

before the monomer.

As an example, P(S-F4/c2-F8), which is introduced in chapter [3.7.2, is a co-
polymer, consisting of two fluorene monomers. The first monomer has side chains
4 C-units long, with an S-chiral centre at the second C-atom. The second monomer

has achiral side chains 8 C-units long.
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3 Results and Discussion

In this work, only chiral side chains with (S)-chirality are used. Therefore, and
for better readability, the S-descriptor is omitted for these polymers after initial

introduction of the full names.

3.7.1 BINOL functionalised polyfluorenes

Fig. 3.35: Structure of P(R-BN-F8).

For this chapter, an achiral emissive unit is combined with a chiral non-emissive
unit. The achiral emissive monomer, here dioctylfluorene, is co-polymerised with a
chiral monomer, here a 1,1’-bi-2-naphthol (BINOL) structure[]is given in fig.
The chemical structure of the resulting polymer P(BN-F8). In theory, the 8.0 -
85 % ﬁ of the BINOL| component promotes a helical self-assembly, and thereby
positions the emissive units in a regular, helical arrangement. It was previously
shown that such structures are capable of generating CPL, with reported gpy, val-

ues up to —0.26 in solution [82].

As an indicator for chiral phase behaviour in thin film, circular dichroism (CD)
measurements are extremely useful. Most CD spectrometers, however, are opti-
mised for solution based measurements, which can cause problems when measur-
ing thin film samples. Here, CD data is derived from ellipsometry measurements,
specifically from Miiller matrix (MM) measurements in transition. An extensive
explanation of this measurement and evaluation process is given in chapters [2.4.5

and [3.1.4.

"P(BN-F8) was synthesised in the working group of Prof. Ullrich Scherf, University of Wup-
pertal.
8BN content determined via NMR.
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3.7 One component systems

Previous measurements of P(BN-F8) in the working group of Prof. Scherf indi-
cated a CD effect in solution. Since these results support the hypothesis of helical
self-assembly, the polymer was chosen to be tested for application in a CP-OLED.

In thin film, however, no CD effect is found in either pristine or cured samples.

In fig. CD data for P(BN-F8) thin films is shown. The shown samples are
cured for 20 min at 300 °C. No CD effect is found here. The same results occur

for pristine samples or samples cured at 150 °C.

i
o

——P(R-BN-F8)
——P(S-BN-F8)

w
o
T

= N
o O
T T

1

N
o
T
I

CDI*ayer / mdeg/nm
o

300 350 400 450 500 550
Wavelength / nm

Fig. 3.36: CD* curves of P(R-BN-F8) (red) and P(S-BN-F8) (blue) thin films.
Samples were cured for 20 min at 300 °C. Layer thickness 80 nm and
87 nm, respectively.

Fig. shown LIV performance data (a), EL spectra (b) and ggr, values (c) of
P(BN-F8) based OLEDs. The performance and spectral differences are a result of
the different EML thicknesses.

In the ggr curve of P(S-BN-F8) (c, blue), a very small non-zero ggr, value is
visible. This is, however, an artefact caused by device degradation. As explained
in chapter [3.1.3, an incorrect measurement sequence of LCP and RCP data can
cause such artefacts, especially for poorly performing devices with a low bright-

ness, as is the case here.
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LIV performance data (a), EL spectra (b) and ggr, values (c) of P(R-

BN-F8) (red) and P(S-BN-F8) (blue) based OLEDs.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(R/S-BN-
F8) (175 / 190 nm) / CsF/Al (cured 20 min@250 °C). [M,P(R/S-BN-

F8)) = 180 / 193 kg/mol.

In conclusion, it can be assumed that, while a stable helix is formed in solution, it

disappears in thin film. However, those results are not entirely surprising. Helical

self-aggregation in solution is rather slow. The polymer has to be stirred for several

days before the maximum CD effect can be measured. In solid form, maintaining

this fragile helical structure during spin-coating, or recreating it during curing, is

certainly challenging.
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3.7 One component systems

To better understand these results, the nature of different CPL measurements
has to be considered. CD measurements reflect the chirality of the absorption
So — §;. CP-PL and CP-EL measurements on the other hand reflect the chirality
of the emission, in the case of the here used fluorescence emitters S; — Sy [120]. In
most cases, the chirality is expected to be similar or equal in both states (except
for Stokes shift), which makes CD an easy and reasonable measurement to esti-
mate CPL behaviour of a material. For [PLland especially for [EL, however, optical
effects like CP-selective reabsorption, optical rotation, reflection of interfaces and
electrodes and the position of the recombination zone influence the outcoupled
CPL. gas, gpr and ggp, values of the same material or system found in literature
sometimes differ significantly. Therefore, while absorption based measurements
allow a fast and easy estimation of potential CP-effects, it is important to also

measure the emissive CPL behaviour of a material.

While P(BN-F8) in particular is not a suitable material for CP-OLEDs, the co-
polymerisation of an emissive unit and a chiral unit might still be a valid approach.
Since DSC measurements of the polymer do not exhibit any features, it is diffi-
cult to judge whether the tested curing conditions are suitable. However, even
the highest tested curing temperature of 300 °C is already unsuitable for OLED
fabrication. Therefore, even if a CD effect was to be found at even higher curing
temperatures, the polymer still could not be used in devices. On the other hand,
as introduced in chapter the molecular weight of the polymer has a large in-
fluence on its phase behaviour. The here used P(BN-F8) polymers have a of
180 - 193 kg/mol. Lower molecular weight batches of P(BN-F8) might show bet-
ter results. Alternatively, it might be possible to imitate the solution environment
in which a helix could be formed by mixing P(BN-F8) with a matrix material.
Alternatively, some kind of stabilisation, either chemically through bridging or
physically through support or spacer molecules, could help to form and maintain

the helical structure.
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3 Results and Discussion

3.7.2 Polyfluorenes with chiral side chains

Fig. 3.38: Structure of the alternating co-polymer P(S-F4/c2-F8).

Instead of co-polymerisation with a chiral co-monomer, chiral functionalisation of
PF side chains are also a promising approach for CP-OLEDs. In accordance with
the naming system introduced in chapter fig. shows the chemical struc-
ture of P(S-F4/c2-F8), an alternating co-polymer with equal amounts of chiral
di(25)-2-methylbutyl-fluorene monomers F4/c2 and achiral dioctyl-fluorene F8 )}

P(F4/c2-F8) is designed as a co-polymer for solubility reasons. A P(F4/c2) homo-
polymer, due to its very short alkyl chains, would suffer from poor solubility. It
would not be possible to process this polymer via spin-coating. Therefore, the
co-monomer F'8 with longer alkyl chains is introduced. While this unit does not
contain a chiral functionality and therefore does not induce a CP-effect, it aids

solubility and therefore processability.

In contrast to P(BN-F8), thin films of P(F4/c2-F8) exhibit significant CD values
after curing. Fig. (bottom) shows CD curves for different layer thicknesses
of this polymer after curing for 20 min at 230 °C. For comparison, an absorption
spectrum is given (top), with the absorption maximum in both graphs marked
with a dashed line.

9P(F4/c2-F8) was synthesised by Heinz-Georg Nothofer and later again by Christin Barron in
the working group of Prof. Ullrich Scherf, University of Wuppertal.
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3.7 One component systems

In the mainchain 7-7* transition region between 320 nm and 420 nm, both, positive
and negative CD values are found. This phenomenon, called a bisignate Cotton
effect, is a result of optical activity within the measured sample. The position of
the sign flip is usually at or close to the wavelength of the absorption maximum,

as is the case here [84].
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Fig. 3.39: Normalised absorption spectrum (top) and CD curves (middle) for
P(F4/c2-F8) thin films of various thicknesses. Position of the absorption
maximum at 385 nm is marked with a dashed line.

Samples were cured for 15 min at 250 °C (absorption spectrum) and
20 min at 230 °C (CD data). [M,(P(F4/c2-F8)) = 247 kg/mol.

Similar to the typical behaviour of solution based CD measurements when increas-

ing the concentration or cuvette thicknesses, the CD effect in layer increases with
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3 Results and Discussion

increasing layer thickness. Typically, CD values of the largest signal peak are com-
pared, but as explained in chapter [3.1.4, other signal peaks can be used as well,
since they all follow the same trend. In fig. a linear correlation between |CD|
(a) or respectively |[CD*| (b) values of the signal peaks at 406 nm and 344 nm and

the layer thickness is shown.

To compare samples with different layer thicknesses, CD values can be divided
by the layer thickness, resulting in CD* values (see chapter [3.1.4). Fig. [3.40] (b)
shows the |CD*| values corresponding to the |CD| data shown in (a). Contrary
to what might be expected, the CD* for P(F4/c2-F8) is not a constant, but in-
creases with increasing layer thickness. This behaviour is found for all chiral phase
systems shown in this work, independent of material, layer thickness and curing
conditions, as long as a chiral phase is present. As previously explained, this be-
haviour indicates that the sice of the chiral domain responsible for the CD effect

is larger than the layer thickness.
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Fig. 3.40: |CD| values (a) and |CD*| (b) at 406 nm (black) and 344 nm (red) over
layer thickness for P(F4/c2-F8) thin films of various thicknesses.
Samples were cured for 20 min at 230 °C . [My(P(F4/c2-
F8)) = 247 kg/mol.

Naturally, no CD effect occurs for pristine layers, as curing above |1 is necessary
to form the desired chiral phase. Unfortunately, DSC measurements are not con-

clusive about the phase behaviour of this polymer, with no clear features for either
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3.7 One component systems

heating rates of 10 °C/min or 30 °C/min, so the position of [T;]is unclear. There-
fore, the correlation between curing temperature and resulting CD value has to be
measured directly. For this, a thin film sample is cured successively at different

temperatures and measured after each interval.

As expressed earlier, CD data of different measurements are usually compared
at the largest CD signal peak. For larger layer thicknesses with large CD effects,
however, the absorption limit can be reached during measurement, resulting in
unphysical CD values in this region (see explanation in chapter . In this
case, to still be able to compare samples of different layer thicknesses, the second,
lower signal peak can be used instead, which follows the same trend as the main
peak. Comparison of CD data from different PFs is also possible, but must be

made at the same signal peak.

This obstacle occurs in the experiment shown in fig. For some of the mea-
surements, the absorption limit is reached, resulting in invalid CD data around the
main signal peak. Therefore, the lower signal peak at 344 nm (analogous to the red
data set in fig. [3.40)) is chosen here instead of the main signal at 406 nm. Shown

here are CD* values of P(F4/c2-F8) thin films for different curing temperatures.

P(F4/c2-F8) was synthesized twice, resulting in two batches with different molec-
ular weights of |[M,| = 172 kg/mol and 247 kg/mol, respectively. As previously
shown, CD is layer thickness dependent. For the two batches of P(F4/c2-F8),
however, no data from samples with comparable layer thicknesses is available. To
account, for the difference, data from multiple samples with different layer thick-
nesses is shown for the higher batch. Based only on layer thickness, the 75 nm
sample (black triangles) would be expected to lie between the 55 nm (blue squares)
and 104 nm (green squares) samples. Since the samples represent different poly-
mer molecular weights, however, this is not the case. Instead, two trends can be
deducted from this plot.

Contrary to the expected behaviour based only on layer thickness, the lower

polymer (black) reaches a higher maximum CD value than similar layer thick-
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3 Results and Discussion

nesses of the higher [M,] polymer (blue and green). At first, this behaviour is
contra intuitive, as one would expect longer polymer chains able to create a more
elaborate chiral phase. On the other hand, increasing chain length also leads to an
increased steric demand, which could hinder or eventually even prevent the proper
formation of a chiral phase. The same behaviour is also observed for FSBT based
CP-OLEDs, which will be explained in detail in chapter [3.11]

As shown in chapter for F8BT, the thermal phase behaviour of a polymer
is influenced significantly by its molecular weight. It is, therefore, not surprising
that, while both batches of P(F4/c2-F8) are processed and measured the same way,
the largest CD effect is achieved at different curing temperatures. For all samples,
curing at lower temperatures leads to no or only very low CD effects. Above a
certain temperature, though, CD abruptly rises. For the lower [M,| polymer (black
triangles), this jump occurs around 200 °C. The higher M, polymer (blue, green
and red squares), however, exhibits a much flatter rise, still increasing even at
300 °C. This behaviour is to be expected, since a lower [M,] polymer typically has
a lower [T,| than its |M,] version, as was previously explained.
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Fig. 3.41: CD* values at 344 nm for P(F4/c2-F8) thin films. Both batches are
shown, with a [M,] of 172 kg/mol and 247 kg/mol. Samples were cured
successively for 15 - 20 min at the given temperatures.
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3.7 One component systems

For a constant curing temperature of 230 °C, fig. |3.42| shows the influence of dif-
ferent curing times on CD*. For this, P(F4/c2-F8) thin films of different layer
thicknesses are cured and measured successively. Initially, CD* increases rapidly
with increasing curing times, indicating the gradual development of the chiral
phase. Eventually, however, a stable maximum is reached, which occurs between
20 min and 40 min, depending on the layer thickness. Just like in the previously

shown plots, larger CD* values are found for larger layer thicknesses.

For all thinner samples, a slight decrease from the maximum CD* after 20 min is
found. Degradation of the material, aggregation or conversion into another phase
might account for this result. However, layer thickness volume reduction is a much
more likely explanation. This behaviour, which was introduced in chapter [3.4.1]
is also observed for F8BT layers. While the heated polymer strands rearrange
into a chiral phase, the layer can flatten out over the substrate surface. Since CD
is thickness dependent, it is to be expected that a thinner layer thickness would
result in lower CD values. To account for this artefact, the exact layer thickness
would have to be measured after each curing step with a non-invasive method, for
example variable angle spectroscopic ellipsometry (VASE). In this example, how-

ever, the layer thickness was measured only once via profilometry, after annealing.
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Fig. 3.42: CD* values at 406 nm for P(F4/c2-F8) thin films.

Samples were cured successively for 1 - 120 min at 230 °C. [M(P(F4/c2-

F8)) = 247 kg/mol.

From these measurements, the ideal curing conditions for P(F4/c2-F8) can be
interpreted. For the polymer molecular weight of 172 kg/mol, best result are
achieved with 20 min curing at approximately 210 °C. For the polymer molecular
weight of 247 kg/mol, best results are achieved with 20 - 40 min curing at 230 °C.
However, for application in OLEDs, these conditions are not suitable. Curing tem-
peratures above 200 °C and longer curing times, as would be ideal for this polymer,
bring the risk of efficiency loss through degradation of the other contained layers,
especially ITO. Therefore, a compromise between high CP-effects and good device

performance has to be made. Otherwise, device performance losses have to be

accepted instead.
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3.7 One component systems

Fig. and display multiple aspects of P(F4/c2-F8) based CP-OLEDs with
different EML thicknesses.

EML thickness:
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Fig. 3.43: LIV performance data of P(F4/c2-F8) based CP-OLEDs with different
EML thicknesses.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F4/c2-
F8) / CsF/Al (cured 20 min@240 °C) [M,P(F4/c2-F8)) = 247 kg/mol.
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3 Results and Discussion

Analogous to the results for FS8BT explained in chap-
ter [3.2.4, the normalised EL spectra in fig. (a) exhibit

a thickness dependent spectral shift, resulting from opti-

CsF/Al

cal interference. In contrast to F8BT, however, which fea-
tures only one broad emission band, PFs typically have sev-
eral emission peaks, consisting of distinct vibrational tran-
sitions. For F8BT, this thickness dependent optical effect

manifested as a wavelike spectral shift of the EL maximum

back and forth. For PFs, however, the emission peak posi-
tions remain almost fixed. Instead, the ratio of the individ-
ual peaks to each other changes. As explained before, this behaviour is a result of
the varying distance between the recombination zone and reflective cathode, and
the resultant interference pattern between light beams in forward direction and

reflected light previously in backward direction.

Just like the thickness dependent spectral shift, the associated ggr curves (b)
experience a wavelike progression, both, in intensity and spectrally. Many of the
shown curves feature one or even two sign flips. This trend is seen even clearer in
the [gy] curves shown in (c¢). The magnitude and sign of [g] values for each EL peak
shift significantly. For the single emission peak of F8BT, this effect is analysed in
depth in chapter Here, the multiple varying EL peaks make analysis more
complex. Instead of plotting over EML thickness, gg;, values of the
peaks are plotted individually in (d). Overall, a maximum [g@maxEL of —0.55 is

found.

It appears that the overall trend for all peaks is similar. Just like for F8BT,
ggr, experiences a wave like intensity shift with varying EML thickness. However,
with increasing wavelength of the EL peak, this trend curve flattens out. The
maximum intensity of the trend curve decreases while the distance between two
zero crossings increases. The CP-effect appears strongest for the lowest wavelength
EL peak. This result could, however, be distorted. To confirm this thesis, optical
and CP-effects would have to be decoupled and evaluated individually. Several

methods to achieve this are suggested in chapter [4]
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Fig. 3.44: Normalised unpolarised EL spectra (a), ggr, curves (b) and [gw curves

(c) of P(F4/c2-F8) based CP-OLEDs with different EML thicknesses.
(d) ger values with trend curves for four different EL peaks over EML
thickness.

Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F4/c2-F8)
/ CsF/Al (cured 20 min@240 °C). [MP(F4/c2-F8)) = 247 kg/mol.
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3 Results and Discussion

3.7.3 Cavity CP-OLEDs

In the previous chapter, the thickness dependent shift of gg;, values of a P(F4/c2-
F8) based CP-OLED appeared different for each EL peak. Within one device, it
is possible that both, LCP and RCP emission are found. For commercial appli-
cation, however, this behaviour is problematic. Ideally, a CP-OLED would emit
only light of a uniform polarisation state. While for an EML thickness around
55 nm, ggr, values for all peaks at least have the same sign (see fig. , it is
unlikely to find one perfect layer thickness or architecture where ggr, values for all
peaks would be equally high. Suppression of optical interference effects, as sug-
gested in chapters and 4] might be a solution to this problem. A more simple
approach, however, could be to use a cavity architecture to single out only one

emission wavelength, and suppress all others, like it was explained in chapter [2.4.2.

The difference between regular and cavity OLEDs is the addition of a second
reflective metal layer on the anode side. Here, a semitransparent layer consisting
of 30 nm Ag is evaporated onto the ITO layer. This way, light is consecutively
reflected on both electrodes before it is eventually outcoupled. Like in a Fabry-
Pérot resonator, light waves with the correct resonance wavelength can create a
standing wave. The resonance wavelength depends on the distance between both
mirrors, which is called cavity length. Through constructive and destructive in-
terference, this specific wavelength is amplified compared to other wavelengths, a

process originally used for lasers.

Fig. [3.45| (top) shows EL spectra of a regular OLED (blue) compared to a cavity
OLED (red) with the same architecture. While there is still some emission present
above 470 nm, the intensity of all EL peaks besides the first peak around 425 nm
is significantly dampened in the cavity device. For this area, gg;, values could
be calculated, but since the normalised EL intensity is below 0.2, the values are
cropped, as explained in chapter [3.1.2. Through optimisation of the thickness of
all layers, especially the semitransparent Ag layer, this wavelength selection effect
could be further improved. Through variation of the Ag layer thickness, a better

cavity can be created, resulting in a smoother and narrower EL spectrum.

148



3.7 One component systems

The shape and size of the ggr, curve peak at the first EL peak around 425 nm
is similar for both, regular and cavity OLED. The gg;, curve peaks are not iden-
tical, however, which is not surprising. Differences of this magnitude can be the

result of even a small EML thickness difference of a few nanometers.

To the left and right of this ggr, curve peak, the regular OLED exhibits large ggr,
values of the opposite handedness as well, which indicate a spectral shift between
the LCP and RCP spectra, caused by optical interference effects after reflection
on the cathode.

The ggr, curve (middle) of the regular OLED experiences two sign flips and both,
large positive and negative ggy, values, with a [g@maxEL of —0.12 at the main
emission peak of 428 nm. For the cavity OLED, [g@maxEL is even higher with
—0.34. The difference between the two devices is even clearer in the [gy] curves

(bottom). While [gax is very similar, the difference in [gy]is obvious.

As mentioned before, this difference could have been caused by slight EML thick-
ness differences in the range of a typical batch to batch variation. Since EML
thickness influences the optical interference pattern after reflection, even slight
thickness differences can cause a spectral shift between the RCP and LCP spec-
tra, resulting in a shifted gg;, curve. However, it is also possible that the larger
[g@maxEL of the cavity OLED is caused by the cavity effect. Because of the re-
peated reflection of the light within the cavity, the light travels through the chiral
EML multiple times. During interaction with this layer, CP-selective absorption
or optical rotation can occur, thereby influencing the polarisation state of the out-
coupled light. To estimate the influence of this effect compared to typical batch to
batch variations, further experiments would be necessary, including optimisation
of the Ag layer thickness and an EML thickness variation of the cavity OLED,
analogous the results shown in fig. Creating a CP-OLED with a sharp spec-
tral peak and CPL emission of one handedness only is a basic requirement for use
in a CPL display. As demonstrated here, cavity CP-OLEDs could provide just
that.
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Fig. 3.45: Normalised unpolarised EL spectra (top), ggr, curves (middle) and gy
curves (bottom) of P(F4/c2-F8) based CP-OLEDs. Compared are a
regular device (blue) with a cavity device (red).

Device architecture: ITO / (30 nm Ag) / PEDOT / XQUPD / XOTPD
/ P(F4/c2-F8) (100 nm) / CsF/Al (cured 15 min@200 °C). [M{(P(F4/c2-
F8) = 172 kg/mol.)
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3.7.4 Oxidation of chirally functionalised PFs

Fig. 3.46: Structure of the chiral polymer P(S-F6/c4-FN) with statistically dis-
tributed oxidised degradation product fluorenone.

PF is a rather stable material which can even be spin-coated in air. Nevertheless,
it is susceptible to oxidation under certain conditions. Because of their aromatic-
ity, the two benzyl rings are chemically very stable. The covalent bridge, however,
is prone to photooxidation. This vulnerability for keto-defects is particularly high

in PFs with, even accidentally, only one side chain present instead of two [121].

The structure given in fig. shows one such example, where, during its syn-
thesis, the chiral monomer F6/c4 (left monomer) or its homo-polymer P(F6/c4)
was partially oxidised to fluorene (FN, right monomer), resulting in a co-polymer
of the form P(F6/c4-FN) [l Through this oxidation, the chirally functionalised
side chains of each affected monomer are replaced with a keto function. While
the resulting polymer still contains chiral units and might even be able to form a

chiral phase, the absorption and emission behaviour changes.

Fig. shows normalised thin film absorption (a) and PL (b) spectra of the
oxidised P(F6/c4-FN) polymer. Measured were samples of the polymer directly
after synthesis ("mix", red) with [M,|= 82 kg/mol, as well as all three GPC frac-
tions of 31 kg/mol (blue), 82 kg/mol (green) and 177 kg/mol (orange). As an
example of a chirally functionalised PF without keto-defects, data of P(F8/c3-F8)

("PF", black) is shown in comparison.

0P (F6/c4-FN) was synthesised and separated via GPC by Christin Barron in the working group
of Prof. Ullrich Scherf, University of Wuppertal.
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The main absorption peak of fluorenone is located below 300 nm and is not visible
in measurements on glass substrates. A second absorption peak occurs around
390 nm. However, this absorption peak is very weak and superimposed with the
main fluorene absorption peak [122]. It is, therefore, not surprising that all shown

absorption spectra are almost identical.

PL spectra, however, show significant differences. P(F8/c3), as a chirally func-
tionalised PF without keto-defects for comparison, shows PL peaks around 420 nm
and 445 nm from the fluorene unit. While these peaks are also visible for the ox-
idised P(F6/c4-FN), a second, broad emission around 540 nm appears, which is
typical for fluorenone [121) [122]. Directly after synthesis ("mix"), P(F6/c4-FN)
only contains a small fluorenone PL peak. After GPC separation, however, all
three fractions show significantly larger fluorenone emissions than fluorene emis-
sions, indicating a gradually advancing oxidation. If compared with each other,
the three fractions have a similar ratio of fluorene to fluorenone, with the largest

molecular weight fraction slightly less oxidised.

Becker et al. analysed statistical polyfluorenes containing small percentages of
fluorene units. They report a linear correlation between the ratio of the green
to total PL intensities on a logarithmic scale and the fluorenone concentration.
However, this only applies to dilute solutions of fluorene co-polymers with very
low fluorenone concentrations up to 5 %. Also, when analysing PL data, it has to
be considered that the PL emission intensity of the fluorenone is sensitive to air.
The green emission is quenched by a factor of 4.5 if measured in vacuum instead

of in air, a process that is almost completely reversible, though [123].

De Freitas et al. also report an increased PL intensity of the red-shifted fluo-
renone emission with increasing fluorenone content in similar polymers. This is
attributed to an interchain [FRET! in solid state [124]. Since the results of this
source are based on thin film PL spectra, they are comparable to the spectra
shown in fig. [3.47| (b). By comparing the PL intensities at 420 nm (fluorene) and
540 nm (fluorenone) and assuming a liner correlation, the fluorenone concentra-

tion in the here used polymers could be roughly estimated, resulting in fluorenone
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concentrations of 0.1 mol% for the mixed polymer and 0.8 mol% for the polymer

fractions after GPC separation.
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Fig. 3.47: Normalised thin film absorption (a) and PL (b, Az = 370 nm) spectra
of P(F6/c4-FN). The oxidised polymer P(F6/c4-FN) is shown as syn-
thesised (red) and three fractions after GPC separation with a of
31, 82 and 177 kg/mol (blue, green and orange). As comparison with-
out keto-defects, the chiral side chain polymer P(F8/c3-F8) is shown in
black.

Since oxidation results in cleavage of the side chains in favour of a keto function,
the chiral information at this monomer unit is lost. However, the polymer can still
form a chiral phase, despite some keto defects. As seen in fig. a CD effect
is still present. This indicates that, even with a significant amount of keto-defects
as seen in PL data, sufficient chirally functionalised units still remain to produce

a chiral phase.

As explained in chapter [3.3] batches or fractions of a polymer with different
require different curing temperatures to produce the desired chiral LP phase. As
indicated by fig. in chapter [3.7.2} it is possible that, especially for the larger
fractions, higher curing temperatures or much longer curing times might have
lead to even higher CD values here. It appears that the phase behaviour of the
mixed P(F6/c4-FN) sample (green) is dominated by the behaviour of the larger
|M,| fractions. With decreasing [M,), a stronger CD effect can be observed. A sim-
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ilar trend is found for F8BT based CP-OLEDs and will be analysed in detail in
chapter [3.11]
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Fig. 3.48: CD* values at 406 nm for different P(F6/c4-FN) fractions. Thin films
were successively cured for 15 min at different temperatures.
Because of the large spread of the data points, a close up section is shown
as inset.

Even though a CD effect can be measured, in CP-OLEDs, the same material does
not exhibit a CP-effect. Fig. shows the EL spectrum (black) and associated
gt data (red) of a P(F6/c4-FN) based OLED. No non-zero ggy, values are found
for this device, or any other devices from this material. An explanation for this
behaviour can be found in the EL spectrum. Only a very small fluorene emission
signal around 450 nm is present, compared to a very large fluorenone emission
signal around 540 nm. The ratio of fluorene to fluorenone emission signals for
EL is significantly smaller than for PL. But this effect is not a result of further

oxidation, but due to the different energetic levels of the two materials.

In PL, all molecules are excited equally, as excitons are formed and recombine
within one molecule only. While fluorenone molecules have a low [PLQY] their os-
cillator strength is enhanced when co-polymerised with fluorene. A light-harvesting

effect of the polymer backbone promotes exciton trapping in the fluorenone, leading
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to preferential population of the fluorenone excited state [123]. However, emission
of fluorene units is still prominent as well. In EL, however, excitons are formed
by the recombination of charge carriers from different molecules. Naturally, this
is favoured for lower energetic levels. Since fluorenone has a lower HOMO level
around —6.15 eV [125] compared to PF around —5.9 ¢V [49], it forms an energetic
trap for electrons. The resulting EL emission spectrum is largely dominated by
fluorenone emission, despite its lower content in the material. Even though a chiral
phase might still be formed through the remaining fluorene units, the observed EL

emission is unpolarised.
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Fig. 3.49: P(F6/c4-FN) based CP-OLED. Shown are the normalised unpolarised
EL spectrum (black) and the resulting ggr, curve (red).
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F6/c4-
FN) (210 nm) / CsF/Al (cured 15 min@230 °C). [M,(P(F6/c4-
FN)) = 82 kg/mol.
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3 Results and Discussion

3.7.5 Odd-Even-Effect

Some differentiators between the chirally functionalised PFs shown in this work,
for example molecular weight, have been analysed in previous chapters. One sig-
nificant difference, however, has not been addressed yet. Like the other analysed
factors, the position of the chiral centre has a noticeable influence of CPL be-

haviour.

Fig. shows CD* spectra of cured thin films of the three polymers P(F4/c2-F8)
(a), P(F8/c3) (b) and P(F6/c4-FN) (c). All samples are spin-coated with a layer

thickness of 90 nm and cured at their respective ideal curing temperature.

The Cotton effect introduced in chapter [3.7.2 can be divided into two subcate-
gories. For this, the development of the CD curve with increasing wavelength is
analysed. If the signal transitions from negative to positive values, it is called a
positive Cotton effect. Likewise, if the signal transitions from positive to negative

values, it is called a negative Cotton effect.

While the three compared polymers all contain S-chirality, they exhibit differ-
ent Cotton effects depending on the position of the chiral centre. P(F4/c2-F8) (a)
and P(F6/c4-FN) (c) both have a chiral centre on an even numbered C-atom and,
subsequently exhibit a positive Cotton effect (blue). P(F8/c3) (b) on the other
hand has its chiral centre on an odd numbered C-atom. As a result, it exhibits
a negative Cotton effect (red). This behaviour, known as odd-even-effect, has
previously been reported for chirally functionalised PFs [84] and other materials

80, 126, [127].
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Fig. 3.50: CD* curves of 90 nm thick cured thin films of P(F4/c2-F8) (a), P(F8/c3)
(b) and P(F6/c4-FN) (c). Depending on the position of the chiral centre,
a positive (blue, +) or negative (red, —) Cotton-effect is observed.

Because of the differences especially in molecular weight, a quantitative compari-
son of maximum possible CD values would not be robust. Based on the here shown
data, it, therefore, cannot be judged how much the position of the chiral centre in-

fluences CPL behaviour. A qualitative statement, on the other hand, can be made.

In Table the three polymers with their molecular weight, maximum CD*
and Cotton effect sign, are compared. With 236 mdeg/nm, P(F4/c2-F8) has the
largest CD* of the three polymers. This is surprising, since P(F4/c2-F8) has the
largest which, as shown in chapter [3.7.2, typically produces lower CD effects.
Also, the polymer only contains 50 % chiral monomer, a factor also expected to
reduce the CD effect. Following this trend, P(F8/¢3) and P(F6/c4-FN), both with
decreasing [M,] have lower CD* values of -157 mdeg/nm and 13 mdeg/nm, respec-
tively. This indicates that with increasing distance between the chiral centre and

the emissive core or polymer backbone, the CD effect is reduced.
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3 Results and Discussion

Tab. 3.4: Polymers shown in fig. [3.50, with [M, ) maximum CD* values and Cotton

effect.
Polymer %‘/J I{I ol (r:Icl)E:;f:. (/JD Sﬁ'o(fz:n
mdeg/nm
P(F4/c2-F8) 172 236 +
P(F8/c3) 130 —157 -
P(F6/c4-FN) 82 13 +

Interestingly, the odd-even-effect also occurs in CP-EL measurements. Fig.
shows ggr, curves of P(F4/c2-F8) (blue) and P(F8/c3) (red) based CP-OLEDs
with comparable device architectures. Other than two equal devices with opposite
enantiomers of the same chiral material, the here shown curves are not perfect
mirror images of each other. Partly, this can be explained by the slight differences
between the two devices. Especially the 5 nm EML thickness difference and vary-

ing curing temperature have a large impact on the shape and size of the ggy, curves.

A qualitative comparison, however, can certainly be made. For the first EL peak
around 422 nm, P(F4/c2-F8) and P(F8/c3) achieve a gg, value of +0.88 and
—0.60, respectively. Likewise, the ggr, curves for the more redshifted EL peaks of

both polymers have opposite signs.
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Fig. 3.51: ggr, curves of CP-OLEDs with P(F4/c2-F8) (blue) or P(F8/c3) (red) as
EML. EML thickness is 90 nm and 85 nm, and curing was performed for
15 min at 200 °C and 180 °C, respectively.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / emitter
polymer / CsF/AL

The odd-even-effect offers a unique opportunity for CP-OLEDs based on chirally
functionalised polymers. Usually, the two enantiomers of chiral functional groups
offered for synthesis have a significant price difference, with the R enantiomer of-
ten being more than twice as expensive than the S enantiomer. Such materials
are often synthesised with the help of enzymes, profiting of their built in stereos-
electivity. In nature, however, most compounds and enzymes only appear in one
chiral form. Using artificial instead of naturally occurring enzymes and raw mate-
rials, therefore, increases production costs significantly. For 3D displays based on
CP-OLEDs, however, equal CPL pixels of both handednesses would be required.
Using two polymers with their chiral centre on different positions rather than two
enantiomers of the same polymer might have significant cost advantages without

performance detriments.
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3 Results and Discussion

3.7.6 Chirally functionalised homo- vs. co-polymers

Since chiral functionalisation of the fluorene unit occurs prior to polymerisation,
it is just as easy to create homo-polymers as it is to create co-polymers with other
monomer units. In the case of P(F4/c2-F8) in chapter|3.7.2, this co-polymerisation

was performed to increase solubility, and therefore usability of the material.

F8, the co-monomer chosen for this work, is the most common fluorene monomer.
It provides great solubility properties and is extensively studied. However, the

linear alkyl chains do not contain a chiral centre.

Because of its low solubility, it is not possible to compare the CP-effect of homo-
versus co-polymer for P(F4/c2). Instead, another chirally functionalised fluorene

unit has to be found.

Fig. 3.52: Structure of P(S-F8/c3) (left) and P(S-F8/c3-F8) (right).

Fig. shows the chemical structures of P(F8/c3) (left) and P(F8/c¢3-F8) (right),
homo- and co-polymers of the same chirally functionalised unit E Here, the alkyl
chains of both, chiral and achiral functionality, are based on octyle chains and

feature comparable solubility and steric behaviour.

While the additional methyl groups in the chiral unit are not expected to have
a big impact on any of the here compared properties besides chirality driven ef-

fects, the different molecular weights of the polymers do. Polymerisations of this

UP(F8/c3) and P(F8/c3-F8) were synthesised by Christin Barron in the working group of Prof.
Ullrich Scherf, University of Wuppertal.
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3.7 One component systems

kind always produce a certain batch to batch variation concerning their molecular
weight and [PDI. In this case, P(F8/c3) has a lower [M,] of 130 kg/mol compared
to P(F8/c3-F8) with a of 157 kg/mol. As introduced in chapter [3.3|for F8BT,
the phase behaviour of PF based polymers changes significantly with molecular
weight. Additionally, molecular weight is also a factor for the CP-effect, which will
be analysed in detail in chapter It is, therefore, important to keep both these
factors in mind while comparing the here used batches of P(F8/c3) and P(F8/c3-
F8).

In this chapter, P(F8/c3) is first introduced and analysed individually. After-
wards, both polymers are compared to asses the influence of achiral co-monomers

within a chiral polymer.

To determine the ideal curing conditions for P(F8/c3), fig. |3.53| shows CD* values
of thin films after different curing temperatures. Shown is data from two different
layer thicknesses, 90 nm (red) and 225 nm (black). Typical for PFs, the largest
CD signal peak is located at 406 nm. For many of these measurements, however,
the data for this signal peak is unphysical. With a larger layer thickness, the ab-
sorption limit is reached and CD values around the largest CD signal cannot be
calculated. To circumvent this problem, evaluation of CD data is performed for
the second CD signal peak at 344 nm. For comparison, CD* data of the 406 nm

signal peak for the 90 nm sample can be found in fig. [3.54] (red curve).

While the 90 nm sample reaches a stable CD maximum already at 175 °C, the
maximum for the 225 nm sample is located around 200 °C with a subsequent
decline. As shown for P(F4/c2-F8) in fig. [3.42] (chapter [3.7.2), samples with a
larger layer thickness tend to require longer curing times. It is likely that, given a
longer curing time, the thicker sample would also have reached its maximum CD
at a lower temperature. Additionally, shrinking during curing, as introduced in
chapter [3.4.1, can have a larger impact on the CD* values for larger layer thick-
ness samples. Here, only the final layer thickness after curing is measured via
DEKTAK profilometry and used for all data points. Very likely, the observed CD

decline above 200 °C for the 225 nm sample can be explained as such an artefact
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created by the unaccounted thickness shrinkage.
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Fig. 3.53: CD* values at 344 nm of P(F8/c3) thin films with two different layer
thicknesses. Samples were cured successively for 15 min at different
temperatures. [My{P(F8/c3) = 130 kg/mol.

Fig. compares CD* values of P(F8/c3) (red) and P(F8/c3-F8) (blue). In con-
trast to fig. where positive CD values from the smaller signal peak at 344 nm
are shown, fig. contains negative CD values from the larger signal peak at
406 nm. The red data sets in both figures are taken from the same sample and
represent the two signal peaks of one measurement. Thin films of both polymers
are cured successive at different temperatures. For comparability, both samples

are prepared with the same layer thickness of approximately 90 nm.

While P(F8/c3) (M. = 130 kg/mol) achieves a CD plateau with a curing tem-
perature around 175 °C, P(F8/¢3-F8) (M, = 157 kg/mol) requires a curing tem-
perature around 235 °C for best results. Considering the difference in molecular
weight between both polymers, different curing temperatures are not surprising.
For the lower |M,| polymer to require a lower curing temperature is in accordance

with the previous results illustrated in this work.

The maximum possible CD* of 157 mdeg/nm for P(F8/c3) is significantly larger
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3.7 One component systems

than for P(F8/c3-F8) with 24 mdeg/nm. A larger CD effect for the lower [M,)
polymer is in accordance with the results for F8BT in chapter It cannot
be excluded that the difference in CD intensity might be based purely on the

molecular weight difference between the polymers. However, the observed CD dif-

ference is much larger than would be expected for such small [M,] differences of
this magnitude. It is more likely that the achiral F8 units in P(F8/c3-F8) have
a disruptive effect on the desired chiral phase. P(F8/c3) on the other hand only

contains chirally functionalised side chains and might, therefore, be able to form

a more continuous chiral phase.
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Fig. 3.54: CD* values at 406 nm of P(F8/c3-F8) (blue) and P(F8/c3) (red) thin
films with approximately 90 nm thickness. Samples were cured succes-
sively for 15 min at different temperatures. [M,(P(F8/c3) = 130 kg/mol
and [M,(P(F8/c3-F8) = 157 kg/mol.
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3 Results and Discussion

As emitter material in CP-OLEDs, both polymers show polarised electrolumines-
cence. For P(F8/c3), gy, values of the four main emission peaks are plotted against
EML thickness in fig. Similar to the results of P(F4/c2-F8) (see fig. (d)
in chapter m, a thickness dependent size and sign change of ggr, occurs.
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Fig. 3.55: ggr, values of P(F8/c3) based CP-OLEDs with different EML thick-
nesses.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F8/c3) /
CsF/Al (cured 15 min@180 °C) [M(P(F8/c3) = 130 kg/mol.

Fig. compares ggr, values at 425 nm for CP-OLEDs with different EML thick-
nesses of P(F4/c2-F8) (black) and P(F8/c3) (purple). The data is equivalent to

the blue data sets shown in fig. (d) and [3.55]

While a larger layer thickness range is covered for P(F8/c3), the likewise larger
increments between individual measurements make the overall trend less obvious.
Based on date for EML thicknesses between 75 nm and 125 nm, which is available
for both polymers, one can, however, estimate that the curves of P(F4/c2-F8) and
P(F8/c3) are generally mirror images along the line of gg;, = 0. This effect, called
odd-even-effect, was explained in chapter [3.7.5.
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Fig. 3.56: Comparison of ggr, values at 425 nm for P(F4/c2-F8) (black) and
P(F8/c3) (purple) based CP-OLEDs with different EML thicknesses.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / emissive
polymer / CsF/AlL Cured 20 min@240 °C or 15 min@180 °C, respec-
tively.

To estimate the difference between homo- and co-polymers, similar CP-OLEDs
based on P(F8/c3) and P(F8/c3-F8) can be compared. For the first EL peak at
425 nm, a ggy, value of —0.18 is found for P(F8/c3-F8) (EML = 120 nm, cured
15 min@225 °C). A similar device based on P(F8/c3) achieves a ggy, value of —0.33
(EML = 110 nm, cured 15 min@180 °C). Considering the EML thickness difference
between the compared devices, it can be said that both polymers achieve similar
CP-effects.

In order to quantify the effect of achiral units within a chirally functionalised
co-polymer, those polymers would have to be synthesised with a molecular weight
as close as possible to each other. Naturally, only devices with the same EML
thickness should be directly compared. But to fully estimate the potential of each

polymer, it would be ideal to analyse devices with a wide range of EML thicknesses
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to find the maximum possible ggy, value. Comparison of different polymers at this

thickness would give the most robust data possible.

Additionally, it would be interesting to compare polymers containing different
ratios of chiral to achiral monomer units. While it is to be expected that the fully
chiral homo-polymer would achieve the highest CP-effect, small amounts of achiral
F8 units might not disturb the chiral phase, yet still increase polymer solubility.
This way, the use of shorter chirally functionalised side chains, like in the F4/c2

unit, could be realised despite their poor processability.

3.7.7 Chirally functionalised F8BT

Fig. 3.57: Structure of P(S-F6/c4-BT).

The previously introduced PFs, with the exception of the oxidised fluorenone com-
pound, all produce a blue emission colour. To achieve other emission colours, PF
can be co-polymerised with a different monomer. A typical example is F8BT,
which was introduced in chapter [3.2.2. In chapter [3.8] achiral F8BT is used in
combination with a chiral inducer to produce mixed system CP-OLEDs. It is,
however, also possible to use chirally functionalised PF units instead of the typi-

cally used achiral F8 units.

Fig. shows the structure of one such example. Just like its achiral version
F8BT, the chiral co-polymer P(S5-F6/c4-BT) shows green emission.

In fig. absorption (top) and CD (bottom) data of a P(F6/c4-BT) thin film
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is shown. The sample was cured successively for 15 min at different temperatures.
Similar to the oxidised homo-polymer P(F6/c4-FN) of the monomer F6/c4, which
was introduced in chapter [3.7.4, P(F6/c4-BT) can form a chiral phase, indicated
by the CD curve.
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Fig. 3.58: Absorption intensities (top) and corresponding CD curves (bottom) of a
100 nm P(F6/c4-BT) thin film. The sample was cured successively for
15 min at different temperatures.

With a molecular weight of 12 kg/mol, this polymer is best compared with F8BT-

13 in chapter 3.3l Analogous to the behaviour of F8BT, absorption decreases with

increasing curing temperature.
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In contrast to PF, FS8BT exhibits two absorption peaks, here at 320 nm and
457 nm, which are marked with a dashed line. As a result, the shape of the CD
curves contains multiple signal peaks. With increasing curing temperature, CD

increases up to 175 °C. Afterwards, it decreases again.

This trend is better visible in fig. [3.59 which shows CD* values from the largest
signal peak at 470 nm. The maximum value of 15 mdeg/nm is in the same range
as P(F6/c4-FN) (see fig. [3.48). An ideal curing temperature around 175 °C can

be interpreted, above which the CD intensity decreases again.
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Fig. 3.59: CD* values at 470 nm for P(F6/c4-BT) thin films cured successively for
15 min at different temperatures.

One more aspect has to be considered during evaluation of the results in this
chapter. In chapter @, the effect of oxidation on the polymer P(F6/c4-FN) was
shown. Some monomer units were oxidised to fluorenone, which had a negative
impact on CD and ggp, values. It is not clear at what point this oxidation occurred,

whether it was during the synthesis of the monomer or its polymerisation.

P(F6/c4-BT) was polymerised from the same batch of F6/c4 monomer as P(F6/c4-
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3.7 One component systems

FN). Therefore, if the monomer was already oxidised, or contained the impurities
which lead to oxidation, P(F6/c4-BT) could also contain keto defects.

In P(F6/c4-FN), fluorenone could easily be detected by its specific PL and EL
emission around 540 nm. Unfortunately, this signal is directly superimposed with
the typical emission of F8BT. It is, therefore, difficult to evaluate whether P(F6/c4-
BT) also contains oxidised impurities, and if so, how much and whether further

oxidation occurs during device preparation, measurement and storage.

To evaluate the potency of a chirally functionally polymer compared to its achiral
version mixed with a chiral inducer, it would be necessary to repeat the synthesis of
the chirally functionalised monomer and, afterwards, its polymerisation. With this
approach, different functionalisations could also be compared to different chiral in-

ducers. This would provide valuable information and potential for optimisation.

In fig. 3.60, P(F6/c4-BT) (red) is compared to two other polymers, which are
similar in certain aspects. P(F6/c4-FN) (blue) is the oxidised homo-polymer of
the F6/c4 monomer, on which both polymers are based. Both polymers are ex-
amples of one component systems, and potentially suffer from keto defects. In
contrast, the third example, FSBT + R5011 (green), represents a mixed system.
For best comparability, FSBT-13 was chosen here.

Despite their commonalities, these polymers and the shown thin film samples have
many differences, which are listed in tab. [3.5] and have to be considered.

As expected, the absorption spectrum (top) of P(F6/c4-FN) is blue-shifted com-
pared to both F8BT derivatives. There is, however, also a slight difference between
the absorption spectra of P(F6/c4-BT) and F8BT + R5011. Both polymers have
similar [M,, but the required curing temperature for P(F6/c4-BT) is significantly
higher than for F8BT. As shown in chapter [3.4.4, curing leads to spectral shifts in
absorption and PL. Therefore, the different curing temperatures could be respon-

sible for the difference.
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Since they are correlated to the shape of the absorption spectra, the normalised CD
spectra (middle) exhibit a similar variance in shape. More interesting, however,
are the differences in CD* intensity (bottom). Here, CD* values are compared
not at the same wavelength, but at each sample’s largest CD signal. In addition,
the layer thicknesses of the shown samples vary. It was previously demonstrated
that CD* is not constant for the systems shown in this work. Rather, it increases
with increasing layer thickness, because the size of the chiral domain is expected
to be larger than the layer thickness. Naturally, these conditions only allows for a

qualitative comparison at this point.

P(F6/c4-BT) and P(F6/c4-FN) achieve almost identical maximum CD* values
of 14 mdeg/nm and 13 mdeg/nm, respectively. However, with its much lower |M,,]
P(F6/c4-BT) would be expected to reach much larger CD* values. In compar-
ison, F8BT-13 + R5011 with a similar achieves a maximum CD* value of
232 mdeg/nm. A difference of this magnitude can not be explained by the differ-
ence in layer thickness alone. It can, therefore, be said that P(F6/c4-BT) exhibits
a significantly lower CD effect than would be expected.
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Fig. 3.60: Normalised absorption intensities (top) and corresponding normalised
CD (middle) and CD* (bottom) curves of P(F6/c4-BT) (red), P(F6/c4-
FN) (blue) and F8BT + 10 wt%R5011 (green) thin films. 171
Respective thin film specifications: Layer thickness = 100 / 90 / 145 nm.
Cured for 15 min at 175 / 225 / 120 °C.|M,|= 12 / 82 / 13 kg/mol.



3 Results and Discussion

Tab. 3.5: Key data of P(F6/c4-BT), P(F6/c4-FN) and F&BT + 10 wt%R5011 thin
films and CP-OLEDs. See also fig. [3.60.

F8BT +

P(F6/c4-BT) | P(F6/c4-FN) |1 iorpso11
M, / kg/mol 12 82 1
layer thickness / 100 90 145
nm
curing T / °C 175 225 120
Abs peak 457 388 468
A/ nm
max. CD signal
A/ nm 470 e 485
max. CD* / 14 13 232
mdeg/nm
max. found
P " o

Fig. shows LIV performance data (a), normalised EL spectra (b), ggr, (c) and
(d) curves of P(F6/c4-BT) based OLEDs with different EML thicknesses.

Device performance and EM spectra are similar to F8BT based mixed system
CP-OLEDs (see chapter . The achieved ggr, values are, however, much lower.
Due to the large spectral shift between RCP and LCP spectra, the shape of these
ggr, curves is significantly different than the EL spectrum. Here, trends are much

clearer and easier to see in [gy] curves. However, [g@maxEL values are also shown

below in fig. [3.62|
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Fig. 3.61: LIV performance data (a), normalised EL spectra (b), ggr, (¢) and [gw (d)
curves of P(F6/c4-BT) based OLEDs with different EML thicknesses.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F6/c4-
BT) / CsF/Al (cured 15 min@180 °C) [M,[P(F6/c4-BT)) = 12 kg/mol.
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3 Results and Discussion

Fig.[3.62shows[g@maxEL values of the P(F6/c4-BT) based CP-OLED:s introduced
in fig. [3.61] With varying EML thickness, [g@maxEL exhibits a sign flip. This be-
haviour is also found for F8BT mixed systems containing a chiral inducer and
will be analysed in detail in chapter However, with a maximum [g@maxEL
of —0.13, the CP-effect of P(F6/c4-BT) is lower than found in a comparable
mixed system with an F8BT polymer of similar molecular weight. For exam-
ple, a P(F6/c4-BT) and a F8BT-13 + 10 wt%R5011 based CP-OLED with EML
thicknesses of 158 nm and 161 nm achieved [g@maxEL values of —0.11 and —0.25,

respectively.

As shown in chapter the largest [g@maxEL values for F8BT + R5011 based
CP-OLEDs are achieved with an EML thickness around 200 nm. It is possible
that P(F6/c4-BT) based CP-OLEDs with EML thicknesses in this range would

exhibit larger ggy, values as well. However, this aspect was not analysed in this

work.
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Fig. 3.62: [gQmaxEL|values of P(F6/c4-BT) based CP-OLEDs with different EML
thicknesses.
Device architecture: ITO / PEDOT / XQUPD / XOTPD / P(F6/c4-
BT) / CsF/Al (cured 15 min@180 °C) [M,(P(F6/c4-BT)) = 12 kg/mol.
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3.8 Mixed systems

3.8 Mixed systems

To initiate the formation of a chiral phase, the chiral element does not neces-
sarily have to be connected to the polymer. As introduced in chapter 2.6.2, a
non-emissive chiral molecule can be combined with an emissive achiral polymer.
Curing the system at an appropriate temperature can lead to the formation of a
chiral liquid crystalline phase. The chiral molecule thereby acts as chiral inducer.
This is a typical example of an E-CP-effect. Enantiomerically pure synthesis or
separation of a chiral small molecule is usually easier than of a chirally function-
alised polymer, which could make this mixed approach less complex and, therefore,

less expensive.

In the following chapters, different aspects of a mixed system consisting of FSBT
with a chiral inducer are highlighted. While the enantiomer R5011 is used for most
experiments, the statements apply for S5011 just the same. In comparison, the
two helicene based molecules [H1-Me, and [ThiahelalkBZT, which were analysed as

[-CPL emitters in chapter are also used here as non-emissive chiral inducers

in an F8BT matrix.

The properties of F8BT as polymer matrix and emitter material (chapter ,
its curing behaviour (chapter as well as the influence of the polymer molecu-
lar weight (chapter , were previously discussed and likewise apply for mixtures
with a chiral inducer. In the following, it shall be analysed how these parameters

affect CP-OLED performance specifically, especially in terms of ggr, curves.
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3 Results and Discussion

3.8.1 Chiral inducers for E-CPL mixed systems

The BINOL| based enantiomers R5011 and S5011 shown in fig. are relatively
inexpensive commercially available materials typically utilised in LCD technolo-
gies. Used as chiral inducers in CP-OLEDs, the largest ggr, values reported for a
reasonably well performing CP-OLED so far are achieved [4].

L,
o0

C,
Sl

Fig. 3.63: Structure of the chiral inducers R5011 and S5011.

Fig. shows how, for a comparable device architecture with equal chiral in-
ducer concentrations and similar layer thicknesses, R5011 and S5011 produce mir-
ror image CD curves (a) and ggr, curves (b). The chiral phase generated through

annealing remains thermodynamically stable even after cooling.
In (b), two chiral inducer concentrations, 5 and 10 wt%, are compared. With

10 wt%, a larger CP-effect is achieved. The chiral inducer concentration depen-

dence of F8BT + R5011 based CP-OLEDs is analysed in chapter [3.12]
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Fig. 3.64: CP-OLEDs containing equal concentrations of the two chiral inducers
R5011 (blue) or S5011 (red) produce mirror image CD* curves (a) and
g curves (b). For each pair, device architecture and layer thickness is
comparable.

Analogously, the two helicene based molecules [H1-Me, and [ThiahelalkBZT, which
were used as [-CPL emitters in chapter [3.6] are used as non-emissive chiral induc-

ers.

While [H1-Me, does not perform well as emitter material, it can still be used
in CP-OLEDs.

[H1-Mey was mixed with F8BT. Fig. shows gg, curves of CP-OLEDs with
F8BT as emitter and [H1-Me, as chiral inducer. As would be expected, the two
enantiomers M- and P{H1-Me, produce mirror image ggr, curves with opposite
signs. Emax values of +0.54 and —0.49, or respectively, [g@maxEL values of +0.43
and —0.39 can be derived. The different values for the two enantiomers can be

explained by EML thickness variations. The shown gg;, curves originate from
CP-OLEDs with an EML thickness of 180 nm (M{H1-Me,, red) and 200 nm (P-

H1-Me,, blue), respectively.
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3 Results and Discussion

These values are in the range of other published systems based on helicene chiral
inducers. Wan et al., for example, used a similar system consisting of F8BT mixed
with 10 wt% aza[6]helicene. They published a maximum ggy, of 0.57 70} 96].
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Fig. 3.65: CP-OLEDs with as chiral inducer and F8BT as emitter. The
two enantiomers produce ggy, curves with opposite handedness.
Device architecture: ITO / PEDOT / XQUPD / XOTPD /
F8BT + 10 wt% [H1-Mey| / CsF/Al. Cured 15 min@180 °C. EML thick-
ness = 180 - 200 nm. [M,[F8BT) = 37 kg/mol.

Just like [H1-Me,, [ThiahelalkBZT can be used as chiral inducer in an F8BT based
CP-OLED. Fig. [3.66| shows the ggr, curve of a CP-OLED with F8BT as emitter
and M{ThiahelalkBZT as chiral inducer. A [gyay value of +0.43, or respectively, a
[g@maxEL value of 4+0.42 is found.
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Fig. 3.66: CP-OLED with [ThiahelalkBZT| as chiral inducer and F8BT as emitter.
Device architecture: ITO / PEDOT / XQUPD / XOTPD /
F8BT + 10 wt% M{ThiahelalkBZT| / CsF/Al. Cured 15 min@180 °C.
EML thickness = 215 nm. [M,(F8BT) = 37 kg/mol.

In fig. [3.67] ggr curves of CP-OLEDs with these three chiral inducers are shown.
For comparability, all three devices are based on the same device architecture. The
same F8BT batch (F8BT-37), chiral inducer concentration and curing condition is
used. However, the EML thickness of the shown examples varies between 180 nm
and 215 nm. The influence of EML thickness variations in FSBT based CP-OLEDs
on ggr, is analysed and explained in chapter [3.10}

It can be seen that the two helicene based molecules perform relatively similar.

H1-Me, and [ThiahelalkBZT achieve [g@maxEL values of 0.42 and 0.41, respec-
tively. S5011, however, achieves a much larger [g@maxEL value of 0.93, making it

a more promising choice.
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Fig. 3.67: CP-OLEDs with F8BT + 10 wt% chiral inducer. Used were S5011
(green), M{ThiahelalkBZT] (red) and M{H1-Mey| (blue).
Device architecture: ITO / PEDOT / XQUPD / XOTPD /
F8BT + 10 wt% chiral inducer / CsF/Al Cured 15 min@180 °C. EML
thickness = 206 / 215 / 180 nm. [M,{F8BT) = 37 kg/mol.

The chiral inducer concentration in mixed system CP-OLEDs is typically given in
wt%. To compare different chiral inducers, however, mol% values would be more

useful.

For batch F8BT-37, which was used in this example, a chiral inducer concentration

of 10 wt% is equivalent to 9.3 mol% for [H1-Mey, 3.1 mol% for [ThiahelalkBZT and
8.1 mol% for S5011.

Since in this work, F8BT batches with different molecular weights are used, a
ratio of mol chiral inducer per gram F8BT is the over all most comparable value.
For the examples in fig. this results in concentrations of 2.53x10* mol for
[H1-Me,, 0.85x10°* mol for [ThiahelalkBZT and 2.21x10™* mol for S5011 per gram
F8BT.
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3.8 Mixed systems

While good CP-effects can also be achieved with [H1-Me, and [Thiahelalk BZT,
the large synthetic effort in creating and purifying these helicene based molecules
makes them too precious to be used as mere chiral inducers. Therefore, the results

in the following section are only based on the chiral inducer R5011.

3.8.2 F8BT + R5011 operating voltage

Different CP-OLED materials and device architectures naturally have to be mea-
sured at different operating voltages. To achieve a good signal to noise ratio and
minimise device degradation, CP-EL measurement were performed at a typical
brightness around 100 Cd/m?. Fig. (a) shows different ggy, curves of one
F8BT + R5011 based CP-OLED, measured at different operating voltages. Apart

from small fluctuations, the [grax values displayed in (b) are constant.

While the operating voltage might still have an influence on the position of the
recombination zone and, therefore, possibly also on g, this does not seem to be the
case for the F8BT based systems predominantly used in this work. It is, therefore,

possible to compare different devices measured at different operating voltages.
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Fig. 3.68: ggy, curves (a) and values (b) of an F8BT + R5011 based CP-
OLED, measured at different operating voltages.
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3 Results and Discussion

3.9 Thermal annealing of F8BT 4+ R5011 thin

films

In chapter [3.4) different aspects of how curing influences F8BT thin films and
OLEDs were introduced, including layer thickness volume reduction, surface rough-
ness, aggregation and the influence of different curing conditions. While these as-
pects generally also apply for F8BT + R5011 mixed systems, the thermal phase
behaviour is slightly changed. Small molecules like the chiral inducer R5011 used
here act as plasticisers, which typically shifts the thermal phase behaviour towards
lower temperatures, for example reducing and |T,l A detailed analysis of the
influence of different chiral inducer concentrations on the phase behaviour and re-
sulting CP-effects is given in chapter [3.12]

Also, in mixed systems, especially at high curing temperature and long curing
times, phase separation can occur. This could impact the chiral phase, surface

roughness and layer thickness volume reduction, an aspect that is highlighted in
chapter 3.9.1.

Most examples in the following chapters are based on the system FS8BT +
10 wt%R5011. It is, however, likely that the shown trends, for example con-
cerning the curing behaviour, also apply to other chiral inducer concentrations,
and possibly even other chiral inducers. Naturally, for a different system, the spe-
cific values, like ideal curing temperature or layer thickness volume reduction, may

change. On the influence of different R5011 concentrations, further information is

given in chapter

182



3.9 Thermal annealing of FSBT + R5011 thin films

3.9.1 F8BT + R5011 thin film volume reduction

In chapter|3.4.1, the aspect of F8BT thin film volume reduction was introduced. It
was shown that curing above |7, of a pure FSBT-37 thin film resulted in a volume
reduction up to 17 % at 300 °C.

Fig. shows the gradual shrinking of a polymer layer through curing for a
mixed system F8BT-37 + R5011 thin film. In contrast to pure F8BT-37 samples,
volume reduction sets in at much lower temperatures. While pure F8BT-37 thin
film thickness remains constant up to 200 °C, volume reduction of F8BT-37 +
10 wt%R5011 thin films already sets in around 170 °C.

As shown in (a), higher curing temperatures promote more significant shrinking
effects. In this example, the final layer thickness after curing decreased by up to
13 % at only 250 °C. While for pure F8BT thin films, volume reduction could only
be observed at curing temperatures above |T,] a gradual layer thickness reduction

already sets in at 180 °C in this example.

In (b), the influence of different curing times on volume reduction is shown for
two curing temperatures, 180 °C and 200 °C. The layer thickness decreases with
increasing curing times, rapidly in the beginning and more slowly at the end. In
this example, the final layer thickness after 60 min decreased by up to 12 % for

both temperatures.
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Fig. 3.69: Ratio of pristine to cured layer thickness d/dy of an F8BT-37 +
10 wt%R5011 thin film. The sample was cured successively for 15 min
at different temperatures (a) or cured at 180 °C (blue squares) or 200 °C
(red triangles) for different curing times (b).

This example shows that layer thickness shrinking becomes an increasingly impor-
tant factor for F8BT + R5011 mixed systems, especially at higher curing temper-

atures and longer curing times and for thicker EMLs.

An explanation for this volume reduction effect is given in chapter [3.4.1 for pure
F8BT thin films. Here, R5011 acts as plasticiser, which shift the thermal phase
behaviour toward lower temperatures. This could explain why the volume reduc-
tion sets in at lower temperatures. In addition, R5011 acts as a chiral inducer. In
contrast to pure F8BT, it promotes a preferential phase arrangement. This chiral
phase differs from the achiral, amorphous phase of pure FSBT. Layer thickness
shrinking could be a result of the phase rearrangement. Lastly, it might also be
possible that R5011 evaporates during curing. In this case, the volume reduction

could be explained by the loss of material.

In mixed systems, one more aspect has to be considered. In thin films consisting
of a polymer and a small molecule, phase separation can be an issue, especially
at higher temperatures. This can already apply for pure F8BT thin films, as was

demonstrated in chapter [3.4.2. There, a significant surface roughness after cur-
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3.9 Thermal annealing of FSBT + R5011 thin films

ing was detected, most likely indicating crystallisation nuclei of different phases
or phase separation of lower molecular weight components in the polymer. With
small molecules like R5011, phase separation is even more likely. There was, how-
ever, no difference detectable between the surface roughness of pure F8BT and
mixed F8BT + R5011 thin films. More importantly, the observed surface rough-

ness did not seem to impact device performance or CP-effect negatively.

3.9.2 F8BT + R5011 curing temperature

As explained in chapters and [3.4.4, the molecular weight of different F§BT
batches determines their respective curing behaviour. It was also shown how cur-
ing of F8BT thin films leads to thin film volume reduction, increased surface
roughness and changes in absorption, PL and PLQY behaviour. Naturally, the
same applies for F8BT and chiral inducer mixtures. In this chapter, a focus shall
be put on CD and CPL behaviour, instead. The molecular weight dependence of
CD and ggy, values, specifically, is analysed in chapter [3.11]

Different F8BT batches were used for different experiments, so it should be noted
that ideal curing conditions may vary. F8BT molecular weight also impacts CPL
behaviour. This topic will be addressed in detail in chapter [3.11]

While curing is not necessary for pure F8BT OLEDs, it is a crucial step for their
respective CP-OLEDs. Through addition of a chiral inducer, a preferential twist-
ing direction of the polymer backbone can be induced while the polymer is in a
liquid crystalline phase. A device without added chiral inducer or omitted curing
will not produce CPL. For best results, ideal curing conditions need to be used for

each system.

Absorption spectra of different molecular weight batches of F8BT with 10 %
R5011, including changes resulting from curing, were presented in fig. [3.27, In

comparison, a typical CD spectrum of the chiral F8BT P(F6/c4-BT) is given in
fig.|3.58] Fig.|3.70[shows CD curves (a), CD* (b) and [g@maxEL (c) data for F§8BT
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3 Results and Discussion

+ 10 wt% based CP-OLEDs cured for 15 min at different temperatures. The black
data set is based on F8BT-21, and the red data set is based on F8SBT-37.

As demonstrated in chapter [3.2.4, the best device performance for F8BT based
OLEDs is found for an EML thickness around 200 nm. For this reason, the devices
shown here feature EML thicknesses of 165 - 190 nm for F8BT-21, and 175 - 230 nm
for FRBT-37. As explained in chapter [3.4.1 for F8BT and chapter [3.9.1 for FSBT
+ R5011, the difference in EML thickness is caused by gradual volume reduction

through curing.

The possibility of unphysical CD values when the absorption limit is reached was
explained in chapter [3.1.4. Due to the large layer thickness and strong CD effect,
this is the case here for the largest CD signal at 488 nm, as shown in (a). There-
fore, (b) shows CD* values of the CD signal at 349 nm.

Contrary to what might be assumed, higher temperatures do not lead to bet-
ter results, but rather an ideal curing temperature is found. Curing at higher
temperatures, for the here used F8BT-37 batch (red) above 175 °C, leads to a
decrease in CD and ggp, values. In comparison, gg;, values are also shown for a
comparable device set with F8BT-21 (black). For this batch, the ideal curing tem-
perature lies around 190 °C. In both cases, the ideal curing temperature indicated

by CD and ggr, values matches the position of the second exothermic signal found
in DSC measurements of F8BT (see fig. in chapter [3.3).
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Fig. 3.70: CD curves (a), CD* values at 349 nm (indicated by dashed line in (a))
(b) and values (c) for CP-OLEDs cured at different temper-
atures. The black CD and ggr, data points are measured from the same
devices based on F8BT-21. The red data points originate from a com-
parable device based on F8SBT-37.

ITO / PEDOT / XQUPD / XOTPD /

F8BT + 10 wt%R5011 / CsF/Al (cured 15 min@115 - 250 °C). EML

Device architecture:

thickness 165 - 190 nm for F8BT-21 and 175 - 230 nm for F8BT-37.
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3 Results and Discussion

Like the ideal curing temperature, an ideal curing time needs to be found. The
polymer needs enough time to fully rearrange into the desired chiral phase struc-
ture. If the curing time is too short, the intended phase might not be able to fully
form. With longer polymer chains, the required minimum curing time is expected

to increase.

Longer than necessary curing times, however, can also be detrimental, as shown
in fig. For the here shown example, curing times above 10 min result in a
decreased [g@maxEL, even at the ideal curing temperature (blue). For very short
curing times, even a slightly higher than ideal curing temperature (red) is accept-
able. But very short curing times have the risk of not fully forming the required
chiral LC phase. Also, gg;, value decrease due to longer curing times occurs faster
for higher curing temperatures, shrinking the window for fabrication errors. For
a reliable and reproducible device preparation procedure, it is not advisable to

deviate too far from ideal curing conditions.
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Fig. 3.71: values of F8BT-37 + 10 wt%R5011 based CP-OLEDs cured
at 180 °C (blue) or 200 °C (red) for different curing times.
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3.9 Thermal annealing of FSBT + R5011 thin films

One aspect that has not been extensively studied here, but should still be men-
tioned, are heating and cooling rates. All samples in this work were placed on
a preheated heating plate, making the heating process almost instant. For cool-
ing, the differences between quenched samples (placed on a cold metal surface)
and non-quenched samples (placed directly into the Teflon substrate holder) were
within the range of normal sample to sample or batch to batch variations. On this
result alone, however, the possibility can not be excluded that larger CP-effects
might be achievable with more sophisticated heating and cooling procedures. Es-
pecially the difference between immediately quenched and very slowly, gradually

cooled samples might be an interesting field to study.
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3 Results and Discussion

3.10 FS8BT + R5011 layer thickness variation

In chapter [3.2.4, the OLED stack architecture was varied and optimised for per-
formance improvement, and a standard stack was chosen. One of the analysed
aspects featured a thickness variation of the layers in the stack. In this chapter,

the impact of such layer thickness variation on CPL performance is highlighted.

3.10.1 HTL thickness variation

In fig. and the HTL thickness of XOTPD is varied
between 0 nm an 85 nm. LIV performance trends (fig.|3.72)

CsF/Al

are analogous to the results shown in chapter [3.2.4. Com-
pared to a device without OTPD (dark blue), a 22 nm thick
OTPD layer (cyan) greatly improves LIV performance. Fur-

ther increasing the thickness, however, leads to a gradual

performance decrease due to the higher resistance. For this

reason, OTPD layers in the range of 20 - 25 nm were chosen

as standard in this work, as previously stated.

—
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3.10 F8BT + R5011 layer thickness variation
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Fig. 3.72: LIV performance data for CP-OLEDs with varying XOTPD layer thick-
ness.
Device architecture: ITO / PEDOT (37 nm) / XQUPD (22 nm) /
XOTPD / F8BT + 10 wt% R5011 (217 - 225 nm) / CsF/Al (cured
10 min@180 °C) [MF8BT) = 37 kg/mol.

While the XOTPD thickness variation influences device performance, there seems
to be no impact on the CPL behaviour, as demonstrated in fig. 3.73] EL spec-
tra (b), grr curves (a) and curves (c) are almost identical for all XOTPD
thicknesses. The differences can be explained by a slight EML thickness variation
between 217 nm and 225 nm, which is in the typical range of sample to sample
variations. Therefore, [g@maxEL values (d) are almost constant for all HTL thick-
nesses. As previously explained, this result can be explained by optical effects. In
F8BT based OLEDs, the recombination zone is expected to be located close to
the HTL-EML interface. Because of the energetic electron blocking step between
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3 Results and Discussion

the LUMOs of OTPD and F8BT, variation of the OTPD thickness should not
significantly influence the position of the recombination zone. Also, since none of
the HTMs contain chiral elements, the polarisation state of CPL traversing these
layers is not expected to be altered, for example through optical rotation. Since the
EML thickness is kept constant, the distance between recombination zone and re-
flective cathode remains constant as well. In conclusion, the unchanged ggp, value
with varying HTL thickness is not surprising. Other changes within the device
architecture can, however, potentially influence the position of the recombination

zone, or its distance to the cathode.

192



3.10 F8BT + R5011 layer thickness variation

1.0 — - 1.2 T T T
XOTPD thickness: XOTPD thickness:
08 | —— 0nm 50 nm 1 — 0nm
0.6 | 22nm —— 70 nm Ll 10 22 nm
04t —— 40nm —— 85nm - —— 40nm
o2k —— 43nm i o 08 — 431m
4. ] o 50 nm
& oof . Eo06f —— 70nm
02F . > — 85nm
04+ _ E 04 o T
06 F ] o
] (@) L _
sl ] Q02
1.0 N 1 N 1 L 1 L 1 L 1 N 0.0 \ .
450 500 550 600 650 700 750 450 500 550 600 650 700 750
wavelength / nm wavelength / nm
(a) (b)
1.0 ' ' TXOTPD thickness: 0.0
08} — 0nm 50 nm 02
i 22nm —— 70 0.2 1
0.6 40 — 8snm
04} — 43 nm d 04} 4
o
é-o 6 T
Caads -\.\'\I—I—”‘. ]
10} -
0 1 L 1 1 1 ] _12 1 1 1 1 1 1 1 1 1
450 500 550 600 650 700 750 0 10 20 30 40 50 60 70 80 90
wavelength / nm XOTPD thickness / nm
(c) (d)

Fig. 3.73: ggr, curves (a), normalised EL spectra (b), gw curves (c) and
values (d) for CP-OLEDs with varying XOTPD layer thickness.

Device architecture: ITO / PEDOT (37 nm) / XQUPD (22 nm) /
XOTPD / FSBT + 10 wt% R5011 (217 - 225 nm) / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 37 kg/mol.
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3.10.2 EML thickness variation

For F8BT based OLEDs, variation of the EML thickness

and subsequently the distance between recombination zone

CsF/Al

and reflective cathode leads to different EL interference pat-

terns.

In fig. 3.74] and [3.76] the EML thickness of a F8BT -+
10 wt%R5011 based CP-OLED is varied. As previously
mentioned, the recombination zone for F8SBT based OLEDs
is expected to be located a the HTL/EML interface. By
varying the EML thickness, the position of the recombina-

Ly

tion zone does not change, but the distance between the recombination zone and

the reflective cathode does

As introduced in chapter[2.4.2 and demonstrated in chapter [3.2.4 for regular F§BT
OLEDs, the outcoupled EL spectrum and its polarisation state is the interference
product of all light waves in forward direction and reflected light waves initially in
backward direction. Therefore, this variation of the EML thickness has a signifi-

cant impact on OLED performance and optical properties.

In fig. LIV performance data (a), normalised EL spectra (b), efficiency values
at 13 V (c) and spectral positions of EL peaks (d) is shown. The general trends
are analogous to fig. in chapter [3.2.4, where a similar EML thickness varia-
tion is discussed for unpolarised F8BT OLEDs. Larger EML thicknesses lead to
an increased [V, due to the higher resistance. Here, the efficiency is compared at
13 V, instead of 10 V for the neat F8BT example. The CP-OLED follows the same
wave-like trend as the regular OLED. Neither the curing temperature of 180 °C
(see fig. [3.19)), nor the chiral inducer concentration of 10 wt% (see fig. in-
fluence device performance negatively. Again, no linear correlation between EML
thickness and Eff,.. is found, because of its dependence on the EL spectrum.

Here, two resonant modes, presumably % (left) and A (right) are found.

—

94



3.10 F8BT + R5011 layer thickness variation
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Fig. 3.74: LIV performance data (a) and normalised unpolarised EL spectra (b) of
F8BT + 10 wt%R5011 based OLEDs with different EML thicknesses.
Efficiencies at 13 V (c) and main peak (black) and shoulder peak (red)
spectral positions (d) are shown for different total device thicknesses. In
(d), trend-lines of two resonant modes are added as guide to the eye.
Device architecture: ITO / PEDOT (37 nm) / XQUPD (21 nm)

/ XOTPD (25 nm) / F8BT + 10 wt% R5011 / CsF/Al (cured
15 min@180 °C) [M(F8BT) = 37 kg/mol. 195



3 Results and Discussion

In fig. device efficiencies (top) and EL peak positions (bottom) of F8BT +
10 wt%R5011 based CP-OLEDs and regular F8BT based OLEDs are compared.
Both examples are built with the same F8BT-37 batch. Because of the differences
in HTL thicknesses, the data shown here is plotted over EML thickness instead of

total device thickness, which represents the more relevant factor.

Efficiencies are plotted at 13 V and 10 V, respectively. Both data sets follow
the same wave-like trend, but the mixed system set has a slightly poorer perfor-
mance. This is, however, in the range of a typical experiment batch to batch

variation.

In both cases, multiple resonant modes can be seen. The jump between those
modes occurs at the same total device thicknesses for both systems. The trend
line slopes, however, differ noticeably. This indicates that the optical properties
of these systems are not identical. It is likely that the differences are a result of

the added chiral inducer, the chiral phase, or the curing process.

As previously demonstrated, curing of F8BT neat or mixed systems leads to spec-
tral shifts in absorption, PL and EL. To separate this aspect of the chiral aspect,
this experiment would have to be repeated with cured neat FSBT OLEDs and the

results compared to the data shown here.
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3.10 F8BT + R5011 layer thickness variation
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Fig. 3.75: Device efficiencies (top) and main (black) and shoulder (red) peak spec-
tral positions (bottom) for F8BT + 10 wt%R5011 based CP-OLEDs
(filled symbols, solid trend lines, Eff@13 V) and F8BT based OLEDs
(open symbols, dashed trend lines, Eff@10 V).
Device architectures: ITO / PEDOT (37 / 32 nm) / XQUPD
(21 / 31 nm) / XOTPD (25 / 31 nm) / F8BT + 10 wt% R5011 or FSBT
/ CsF/Al (cured 15 min@180 °C or uncured) [M,[F8BT) = 37 kg/mol.
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3 Results and Discussion

Analogous to the EL spectral shift, optical interference also affects the polarisation
state, resulting in an intensity and polarisation distribution. Fig. |3.76| shows ggr,

(a) and [gy] (b) curves for the same devices.

With increasing EML thickness, an almost wavelike progression of the ggr, curves
occurs. This behaviour is partly explained by the previously introduced spectral
shift. The effect can be seen even better on gy curves. The position of the [g] peaks
moves left and right, analogous to the shift of the EM maximum. Additionally, the
intensity of the [gy] peak and [g@maxEL varies and even exhibits a sign flip. This
trend is highlighted in (c), where [g@maxEL values are shown over EML thickness.

As explained in chapter 2.4.2, both, the EL spectral shift and the changing ggr,
curve are a result of optical interference. When CPL in backward direction is
reflected on the cathode, its handedness is reversed. Additionally, the chiral EML
itself shows CPL-selective absorption (i.e. CD), which can influence the polarisa-
tion state of light travelling through this layer. Upon interaction with the light in
forward direction, optical interference occurs, leading to an interference pattern.
The resulting intensity distribution determines the EL spectral shape, and the

polarisation distribution determines the polarisation state of the outcoupled light.

In the here shown example, [g@maxEL values between 40.52 and —0.83 are reached.
These values are not yet sufficient for commercial application as 3D displays. How-
ever, the fact that large ggp, values of an opposite handedness can be achieved,

simply through layer thickness variation, poses great promise in this direction.
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3.10 F8BT + R5011 layer thickness variation
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Fig. 3.76: ggy, curves (a), Bw curves (b) and values (c) for CP-OLEDs

with different EML thicknesses.

Device architecture: ITO / PEDOT (37 nm) / XQUPD (21 nm)
/ XOTPD (25 nm) / F8BT + 10 wt% R5011 / CsF/Al (cured
15 min@180 °C) [M(F8BT) = 37 kg/mol.
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3 Results and Discussion

3.10.3 ETL thickness variation

The effect of the introduction and thickness variation of an
[ETL] here TPBi, into the standard stack is analysed in this
chapter.

Fig. [3.77| (b) shows how TPBi fits into the stack en-
ergetically.  With its LUMO energy level of —2.7 eV,
TPBi lowers the electron injection barrier and acts as
an [ETLl At the same time, the low HOMO energy

level of —6.2 eV provides an energetic hole blocking

step.

However, the LIV performance data (a) indicates that the material is not ideal.
With increasing TPBi layer thicknesses, higher resistance leads to a significant
rise in [V, At the same time, device efficiency decreases. While, based on these
results, TPBi does not seem like an ideal ETM for F8BT based OLEDs, it might
still be possible that thinner TPBi layers, for example 10 nm, could be beneficial

to the performance.
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3.10 F8BT + R5011 layer thickness variation
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Fig. 3.77: LIV performance data (a) and energy diagram (b) for CP-OLEDs with
varying TPBi layer thickness.

Device architecture: ITO / PEDOT (33 nm) / XQUPD (23 nm) /
XOTPD (22 nm) / F8BT + 10 wt% R5011 (210 nm) / TPBi / CsF/Al
(cured 15 min@200 °C) [M(F8BT) = 54 kg/mol.

In fig. [3.78], the impact of an added TPBi[ETLl on the optical properties is shown.
In contrast to the HTL thickness variation in chapter|3.10.1} the here shown ETL
thickness variation influences the EL spectra (b) and ggp, curves (a). Again, the

effect is better visible by means of g curves (c).

(d) shifts with increasing ETL thickness, even to the point of a sign
flip. In this case, even with a constant EML thickness, the distance between re-
combination zone and reflective cathode changes through the additional layer. It

is, however, also possible that, because of the new energetic environment with this
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3 Results and Discussion

additional material, the position of the recombination zone within the EML is
influenced. In both cases, the observed [g@maxEL shift can be explained through
the changed distance between recombination zone and reflective cathode, and the

subsequent interference.
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Fig. 3.78: ggy, curves (a), normalised EL spectra (b), g% curves (c) and
values (d) for F8BT + R5011 based CP-OLEDs with varying TPBi layer
thickness.

Device architecture: ITO / PEDOT (33 nm) / XQUPD (23 nm) /
XOTPD (22 nm) / F8BT + 10 wt%R5011 (210 nm) / TPBi / CsF/Al
(cured 15 min@200 °C) [M,(F8BT) = 54 kg/mol.
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3.11 F8BT + R5011 molecular weight

3.11 FS8BT + R5011 molecular weight

As previously explained, the molecular weight of the used FSBT batch determines
the required curing conditions. The trend shown in fig. (b) for the F8BT-21
batch is found in other batches as well in fig. [3.79] Each batch possesses an ideal
curing temperature, shifting to higher temperatures with increasing [M,), analo-
gous to the results found in DSC measurements. But interestingly, not all F8BT
batches produce equally large CP-effects, even if processed under their respective
ideal conditions. Fig. (b) shows how, for the same chiral inducer concentra-
tion and layer thickness, the maximum achievable CD* value differs significantly
for different batches.

For very low |M,|batches, low CD values are not surprising. For the desired chiral
LC phase, both, intramolecular polymer chain twisting and intermolecular polymer
chain arrangement play a role. For oligomers, the first aspect naturally looses po-
tency. Likewise, an increasing CD effect for medium [M, | batches is to be expected.
Lastly, for very high |M,|batches, the decreasing CD effect can be explained by the
growing steric factor. For larger polymer chains, it becomes increasingly difficult
to detangle from another and rearrange into the desired chiral LC phase. It might
be possible that much longer curing times in the range of hours or days could im-
prove the CD effect for those batches. But this particular aspect was not studied
here, as such extensive curing routines would undoubtedly damage the stack and
thereby decrease device performance. Since the aim of this work was to develop
a CP-OLED with good performance and large CP-effect, both aspects need to be
fulfilled equally. Therefore, an F8BT [M,] range of approximately 7 to 24 kg/mol
was identified as ideal for application in mixed system CP-OLEDs.
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3 Results and Discussion
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Fig. 3.79: CD* values at 480 nm for thin films of different F8BT batches containing
10 wt% R5011. CD* values are plotted against curing temperature (a)

or against (b).
Batches synthesised by Dr. Jiirgen Schelter are marked with a star.

The same trends are found for ggp, values, as shown in fig. [3.80 The depen-
dency between layer thickness and ggr, value was explained in chapter And it
shows now that ggr, is not only thickness dependent, but the maximum achievable
grr, also strongly depends on the F8BT batch molecular weight. Just like with
CD results, very low |M,| (F8BT-2 and F8BT-3, black and blue) and very high
(F8BT-122, burgundy) batches perform poorly, only achieving low [g@maxEL
values. Therefore, the reasonable range of F8BT polymers for CP-OLED ap-
plications lies between 7 kg/mol and 54 kg/mol.

Based on these results, an additional differentiation can be made. With the un-
viable batches omitted, the remaining F8BT batches are separated into lower
(7 - 21 kg/mol, red) and higher [M,] (37 - 54 kg/mol, black) groups in fig. [3.80
(bottom). While the general trend for both groups is the same, the lower
group could achieve a higher maximum [g@maxEL of up to —1.12 compared to a
maximum [g@maxEL of —0.93 for the higher [M,] group. This confirms the trend

found in CD data shown above.
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3.11 F8BT + R5011 molecular weight
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Fig. 3.80: values for F8BT + 10 wt% R5011 based CP-OLEDs with
different EML thicknesses. F8BT batches with different [M,] are dis-
tinguished through data point colours (top) or grouped into (7 -
21 kg/mol, red) and high [M,] (37 - 54 kg/mol, black) groups, for which
trend lines are shown (bottom).

Batches synthesised by Dr. Jiirgen Schelter are marked with a star.
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3 Results and Discussion

3.12 F8BT + R5011 chiral inducer concentration

F8BT based OLEDs without chiral inducer do not show any CPL, even if cured.
It is not surprising that for small chiral inducer concentrations, CP-effect inten-
sity increases with increasing chiral inducer concentration. However, it is to be
assumed that at some point, an ideal chiral phase is formed. Adding more chi-
ral inducer afterwards could even disturb the chiral phase, thereby decreasing the
amount of CPL. However, to understand how the changing chiral inducer concen-
tration influences the amount of outcoupled CPL, some additional factors have to

be considered.

Fig. shows how increasing chiral inducer concentrations also influence the
thermal phase behaviour. With a reported |7y, of 152 - 156 °C [128], R5011 acts as
a plasticiser, slightly shifting phase peaks towards lower temperatures, but much
more significantly dampening signal intensities. In contrast to the neat F8BT
DSC measurements shown in chapter signal intensity could not be increased

by increasing the heating rate in this case.
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3.12 F8BT + R5011 chiral inducer concentration

R5011 concentration:

— 0% R5011 10% R5011
— 50 R5011 20% R5011
Sy e
= : Y
S ! VA
o ! YARE
go) . ¥
(an 1 1 1 1
) : | N
o : R
£ : YRR
= N
S ; P
2 : Lo
O : y AN
= ! YRR
© ! /
q) 1 1 I:I
L[ i
o : SR
[ o 1 1 1o n
—
50 100 150 200 250 300

T/°C

Fig. 3.81: DSC measurements of FSBT-21 with different concentrations of R5011.
Materials were mixed in solution and solvent was subsequently evapo-
rated before DSC measurement. Heating rate: 10 °C/min, second heat-
ing scans are shown. Heatflow was divided by sample mass, curves are
levelled and stacked. For comparison, the signal positions of the neat
F8BT measurements are indicated through dashed lines

superimposed for better visibility.
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3 Results and Discussion

3.12.1 F8BT 4 R5011 total chiral inducer concentration

Fig. (a) shows LIV performance data for F8BT + S5011 based CP-OLEDs
with varying chiral inducer concentrations. Even though it is difficult to see on the
logarithmic scale, brightness L and current density J increase slightly with increas-
ing chiral inducer concentration. Likewise, and better so see on the linear scale,
the maximum efficiency increases for larger chiral inducer concentrations. Since
all shown devices are relatively comparable with EML thicknesses of 201 - 206 nm,
it can be assumed that the chiral inducer influences the electrical properties of the

mixed layer.

In comparison, fig. (b) shows LIV performance data for FSBT + R5011 based
CP-OLEDs with a wider variation of the chiral inducer concentration than shown
in the previous example. For the evaluation of this example, however, the EML
thickness variation of 188 — 229 nm, with the EML thickness decreasing for higher
chiral inducer concentrations, has to be considered as well. For this, a comparison
to the EML thickness variation of F8BT + 10 %R5011 based CP-OLEDs shown in
fig. in chapter can be made. While an EML thickness variation of the
magnitude shown here does also lead to performance differences in the previous
example, the effect shown here is larger than would be expected for a thickness

variation.

This result reinforces the assumption, that the added chiral inducer influences
the electric properties of the EML. Considering this, it can be said that device ef-
ficiency and brightness improve with chiral inducer concentrations up to 20 wt%.

Increasing the concentration further, however, leads to performance losses.

Optical measurements, including CD, EL and gg;, data, for both examples are

shown on the following pages.
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3.12 F8BT + R5011 chiral inducer concentration

S5011 concentration: R5011 concentration:
—a— 5% 12.5% —a— 5% 20%
—m—75% —m— 15% 10% —®—30%
10 % —8— 15% —8—40%
L T T
~ 2
g101 -
LN R
E 100 [ <l
107
10—2 N " | 1 1 1 1 1 " o1
0 2 46 81012141618202224
"0 Gl S L AL A LA A N I Y L B L
o~ 3L ] ?
e 10 r T fﬂ/ T k X
S 10% o ; /
Swp o A { Swp
100 :u M | | 1 1 1 1 P R Y |: 100 :u 1 1 1 1 1 1 1 1 1 ]
0 2 46 81012141618202224 0 2 4 6 8 101214 16 18 20 22
g'l'l" LI LI I L LA LA §__' L - f'J\'L\L T
< s5¢f r < 6F ' "h,, 3
~ K ’ ] ~ - -
S 4 7_}{.— 1 34 -/£ :
= of 1 5 3 i'f :
1 :_ | [ 1 . 3
OFr—rTrrrTrTrrrTrre 0 Frr—=r= L I I IO L A
0 2 46 81012141618202224 0 2 4 6 8 101214 16 18 20 22
Voltage / V Voltage / V
(a) (b)

Fig. 3.82: LIV performance data for F8BT + S5011 (a) or R5011 (b) CP-OLEDs
with varying chiral inducer concentrations.
Device architecture (a): ITO / PEDOT (36 nm) / XQUPD (35 nm)
/ XOTPD (21 nm) / F8BT + S5011 (201 - 206 nm) / CsF/Al (cured
15 min@180 °C) [M(F8BT) = 37 kg/mol.
Device architecture (b): ITO / PEDOT (37 nm) / XQUPD (22 nm)
/ XOTPD (22 nm) / F8BT + R5011 (188 - 229 nm) / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 37 kg/mol.

Fig. shows CD curves (a) and CD* values at 349 nm (b) of the devices shown
in fig. [3.82 (a). It should be pointed out that the data shown in this chapter is
based on CP-OLEDs with either R5011 or S5011. As previously mentioned, chiral
inducer enantiomers produce mirror image CD and ggp, curves to each other. Data
sets based on R5011 and S5011, if otherwise equivalent, can be compared by using

the modulus instead of the absolute values. For the two data sets in this chapter,
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3 Results and Discussion

however, the difference in EML thickness has to be considered.

Due to the large EML thickness, all samples with S5011 concentrations above
7.5 wt% contain unphysical values. Because the absorption limit is reached at
the largest signal peak, data analysis is performed on the second signal peak at
349 nm, which is indicated with a dashed line.

CD* values shown in (b) increase with larger S5011 concentrations. This illus-
trates the gradually forming chiral phase. Above 12.5 wt%, however, the value
remains constant, suggesting that at this concentration, the chiral phase is fully
formed. Further increase of the chiral inducer concentration does not lead to an

increased CP-effect.
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Fig. 3.83: CD curves (a) and resulting CD* values at 349 nm (b) of CP-OLEDs
with varying chiral inducer concentrations.
Device architecture (a): ITO / PEDOT (36 nm) / XQUPD (35 nm)
/ XOTPD (21 nm) / F8BT + S5011 (201 - 206 nm) / CsF/Al (cured
15 min@180 °C) [M(F8BT) = 37 kg/mol.

In fig. the influence of S5011 on the EL properties and CP-effect of the EML
is demonstrated. A small spectral shift is found in the normalised EL spectra (b),
with ELL maxima varying between 538 nm and 543 nm. This indicates that S5011
also influences the optical properties of the EML. This is not surprising, since small
non-absorbing molecules like the here used chiral inducer S5011 are expected to

have a lower refractive index than the polymer.

210



3.12 F8BT + R5011 chiral inducer concentration

In the ggr, (a) and (c) curves, the impact of different S5011 concentrations
on the CP-effect can be seen. In (d), [g@maxEL is plotted over chiral inducer con-
centration. With the given device architecture and layer thickness, a maximum
[g@maxEL value of 0.96 is achieved for a 10 wt%S5011 concentration. Smaller
or larger concentrations only produce lower ggy, values. Interestingly, [g@maxEL
already declines at a concentration of 12.5 wt%S5011, even though CD* still in-
creases up to this point. This result, however, could be explained by optical

interference effects due to reflection on the cathode.
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Fig. 3.84: ggy, curves (a), normalised EL spectra (b), gw curves (c) and
values (d) for F8BT + S5011 CP-OLEDs with varying chiral inducer
concentrations.
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Device architecture (a):

ITO / PEDOT (36 nm) / XQUPD (35 nm)

/ XOTPD (21 nm) / F8BT + S5011 (201 - 206 nm) / CsF/Al (cured
15 min@180 °C) [M[FSBT) = 37 kg/mol.



3.12 F8BT + R5011 chiral inducer concentration

Analogous to fig. for S5011, fig. |3.85|shows optical measurements of the F8BT
+ R5011 CP-OLED example introduced in fig. [3.82] (b). Here, the effect of even

larger chiral inducer concentrations is demonstrated.

A significant spectral shift is found in the normalised EL spectra (b), with EL
maxima varying between 533 nm and 557 nm. As seen in fig. however, a
comparable EML thickness variation for FSBT + 10 wt%R5011 only resulted in a
4 nm shift of EL maxima. It can, therefore, be assumed that R5011 also influences

the optical properties of the EML.

In the ggr, (a) and [gy] (¢) curves, a significant impact of the chiral inducer con-
centration on the CP-effect can be seen. In (d), [g@maxEL is plotted over chiral
inducer concentration and reveals a varying size and sign of the CP-effect, sim-
ilar to the previously shown correlation between [g@maxEL and EML thickness.
[g@maxEL first increases with increasing chiral inducer concentration. The maxi-
mum achievable [g@maxEL for the chosen device architecture and layer thicknesses
is found, again, for 10 wt%R5011, which is a value often found in literature as the
ideal concentration [4, [46] [99]. Above 10 wt%, however, the outcoupled CPL
decreases, with [g@maxEL even exhibiting a sign flip at 20 wt%.
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Fig. 3.85: ggr, curves (a), normalised EL spectra (b), [gw curves (c) and
values (d) for F8BT + R5011 CP-OLEDs with varying chiral inducer

concentrations.

Device architecture: ITO / PEDOT (37 nm) / XQUPD (22 nm) /
XOTPD (22 nm) / F8BT + R5011 (188 - 229 nm) / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 37 kg/mol.

As previously shown, gg;, does not only depend on the chiral inducer concentra-
tion, but also on the EML layer thickness. Therefore, to achieve a full picture of
the concentration dependence of ggr,, both parameters would have to be changed
systematically. This means analysing a set of CP-OLEDs with varying EML thick-
nesses for several chiral inducer concentrations, resulting in a 3D plot which aligns

g@maxEL, EML thickness and chiral inducer concentration.
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3.12 F8BT + R5011 chiral inducer concentration

3.12.2 F8BT 4+ R5011 chiral inducer [e.e.

It was shown that the chiral inducer concentration has an impact on the electri-
cal and optical properties of the mixed layer. It is, therefore, not ideal to simply
change the chiral inducer concentration in the system. To mitigate these problems,
a different approach shall be introduced here. Instead of adding different concen-
trations of one chiral inducer enantiomer, different ratios of both enantiomers are
used at a given total chiral inducer concentration. In analogy to organic synthesis,
those mixtures can be declared in terms of enantiomeric excess (le.el) as calculated
with eq. [3.6] with the weight of both enantiomers m; and ms.

e = M=l h00 (3.6)

my + my

Alternatively, since equal amounts of R5011 and S5011 are expected to cancel each
other out in terms of chiral induction, one could refer to the excess concentration

of one enantiomer as effective concentration.

Tab. |3.6| gives some representative enantiomeric mixtures and their calculated [e€]

and effective concentrations, corresponding to the examples shown in this chapter.
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3 Results and Discussion

Tab. 3.6: Examples for different mixtures of R5011 and S5011 with calculated com-
bined additive and effective chiral inducer concentrations, as well as el

combined effective
c(R5011) / | c¢(S5011) / | additive e.e./ | chiral inducer
wt% wt% concentration / | % concentration /
wt% wt%
5 5 10 0 0
8 2 10 60 6
10 0 10 100 10
10 5) 15 33 5
12.5 2.5 15 67 10
15 0 15 100 15

Fig. demonstrates this effect on three CP-OLEDs with an equal total chiral
inducer concentration of 10 wt%, but different R/S5011 [e.e.l

The black example contains equal amounts of R5011 and S5011, resulting in an
effective concentration and le.ed of 0 %. As previously stated, the two enantiomers

chancel each other out. As a result, no CD is visible.

By changing the ratio between the enantiomers, different CD intensities are ob-

served, corresponding to the effective concentration and [e.el

At this point, the behaviour of the excess chiral inducer molecules that have been
cancelled out is not known. One possibility is that, like in mixtures with only
one enantiomer, each molecule induces a twist in the F8BT polymer chains, with
the preferential twisting direction determined by their chirality. This could lead
to a more racemic than helical polymer arrangement in some places, which could

produce unpolarised light rather than CPL.
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3.12 F8BT + R5011 chiral inducer concentration

Alternatively, different domains with preferentially left or right handed twisting
directions could be formed, leading to RCP and LCP emission, depending on the

domain. The outcoupled light would be a combination of both polarisations.

It is also possible that two opposite chiral inducer enantiomers could aggregate,
leading to no chiral induction whatsoever. This way, the chiral phase is only in-

fluenced by the predominant enantiomer.

To answer this question, further analysis of the mixed enantiomer chiral phase
would have to be made, for example through polarisation microscopy (POM) of
thin films with different chiral inducer [e.es and total concentrations. Since the
chiral domain has been shown to be smaller than the typical layer thickness used
in this work, it is likely that larger film thicknesses would produce better results
with POM. With this method, it might also be possible to determine the domain
size and whether only chiral domains of one handedness, of both handednesses, or

racemic mixtures are present.

*

%

600
Effective R5011 concentration:
R5011:55011 e.e.
E 500 — 0% 5 :5wt% 0%
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Fig. 3.86: CD* values of F8BT + R/S5011 based CP-OLEDs with a total chiral
inducer concentration of 10 wt%, but different Ees.
Device architecture: ITO / PEDOT (33 nm) / XQUPD (26 nm) /
XOTPD (22 nm) / F8BT + 10 wt%R/S5011 (163 - 170 nm) / CsF/Al
(cured 15 min@175 °C) [M(F8BT) = 21 kg/mol.
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3 Results and Discussion

Fig. shows LIV performance data of three sets of F8TB + R/S5011 based
CP-OLEDs with EML thickness variations While all devices contain a total
chiral inducer concentration of 15 wt%, the sets have different effective concentra-
tions of 5 wt% (b), 10 wt% (c) and 15 wt% (d) R5011, respectively.

(a) compares one device from each set with an EML thickness of 217 nm. In
chapter varying the chiral inducer concentration directly produced differ-
ent electrical and optical properties, which lead to a concentration dependent shift
in device performance. In contrast, all devices shown here contain the same total
chiral inducer concentration. Therefore, no electrical differences should occur. As
expected, LIV performance differences in (a) are only marginal and in the range

of typical sample to sample variations.

For these three devices, performance values at 15 V, EL peaks and [g@maxEL
values, are given in tab. on page [224

In general, the EML thickness dependence for all three sets (b - d) is analogous to
the results discussed in chapter

12 Acquisition of this data was supported by Annemarie Berger. Experiment planning and eval-
uation by Claudia Dillmann.
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Fig. 3.87: LIV device performance of F8BT + R/S5011 based CP-OLEDs with a
total chiral inducer concentration of 15 wt% and effective concentrations g
of 5% (b), 10 % (c) and 15 % (d) R5011. (a) compares all three Ees

at an EML thickness of 217 nm.

Device architecture: ITO / PEDOT (35 nm) / XQUPD (25 nm)
/ XOTPD (25 nm) / F8BT + 15 wt%R/S5011 / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 13 kg/mol.



3 Results and Discussion

Fig. shows normalised EL spectra of the same devices shown in fig. [3.87
Analogous, (b - d) contain the EML thickness dependent EL spectra of each set. (a)
compares the three devices with an EML thickness of 217 nm. Here, a large spectral
shift is noticeable, with EL maxima varying between 538 nm and 551 nm. Since
the device architecture, layer thicknesses and total chiral inducer concentration
are equal, this shift must be caused by the different chiral phases. Fig. |3.84] (b)

shows the same effect for a total R5011 concentration variation.
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Fig. 3.88: Normalised EL spectra of F8BT + R/S5011 based CP-OLEDs with a
total chiral inducer concentration of 15 wt% and effective concentrations
of 5 % (b), 10 % (c) and 15 % (d) R5011. (a) compares all three
at an EML thickness of 217 nm.

Device architecture: ITO / PEDOT (35 nm) / XQUPD (25 nm)
/ XOTPD (25 nm) / F8BT + 15 wt%R/S5011 / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 13 kg/mol.
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3.12 F8BT + R5011 chiral inducer concentration

Fig.|3.89|and show gg;, and [g,,] curves, respectively, of the same devices shown

in fig.

curves of

Analogous, (b - d) contain the EML thickness dependent gg;, and

each set. Like above, (a) compares the three devices with an EML

thickness of 217 nm. As previously shown for mixtures with only one chiral inducer

enantiomer, the largest CP-effect is found for the sample containing an effective

R5011 concentration of 10 %. In both cases, lower or higher concentrations result

in lower ggp,

values.
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Fig. 3.89: ggr, curves of F8BT + R/S5011 based CP-OLEDs with a total chiral

inducer concentration of 15 wt% and effective concentrations of 5 % (b),
10 % (c) and 15 % (d) R5011. (a) compares all three at an EML
thickness of 217 nm.

Device architecture: ITO / PEDOT (35 nm) / XQUPD (25 nm)
/ XOTPD (25 nm) / F8BT + 15 wt%R/S5011 / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 13 kg/mol.
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Fig. 3.90: gy curves of F8BT + R/S5011 based CP-OLEDs with a total chiral in-
ducer concentration of 15 wt% and effective concentrations of 5 % (b),
10 % (c) and 15 % (d) R5011. (a) compares all three e at an EML

thickness of 217 nm.

Device architecture: ITO / PEDOT (35 nm) / XQUPD (25 nm)
/ XOTPD (25 nm) / F8BT + 15 wt%R/S5011 / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 13 kg/mol.

Fig. [3.91] (a) shows CD* values. Like previously mentioned, samples with larger

layer thicknesses and CP-effects can contain unphysical CD values on the main

signal peak at 490 nm. This is the case here as well. Therefore, the smaller signal

peak at 349 nm is used for comparison here.
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3.12 F8BT + R5011 chiral inducer concentration

In accordance with previously shown results, CD* increases for higher EML thick-
nesses. Also, analogous to fig. [3.83| (b), an increased effective R5011 concentration
produces an overall larger CD effect. However, while a clear increase from 5 wt%
to 10 wt% is found, there is almost no difference between the 10 wt% and 15 wt%
data points. This could indicate a saturation effect, supporting previously shown
results and common procedures from literature, that 10 wt% is the ideal chiral

inducer concentration.

In (b), [g@maxEL is shown over EML thickness for the same devices. The general
thickness dependency trend for all concentrations is comparable and in accordance
with the results from chapter However, differences between the three shown

concentrations are found.

At lower EML thicknesses between 130 nm and 160 nm, a range with typically low
ggr, values due to the ggy, sign flip, only very small differences are found between
the three concentrations. But within the EML thickness region between 175 nm
and 230 nm, which typically produces the largest achievable ggr, values, the max-
imum possible [g@maxEL shifts towards lower EML thicknesses with increasing
R5011 concentration. Nonetheless, the overall largest [g@maxEL value is found
for an effective concentration of 10 wt% R5011, with 5 wt% and 15 wt% falling
slightly short. This supports the theory that with 10 wt% chiral inducer, an ideal
chiral phase is formed. With lower concentrations, this phase cannot fully form,

and higher concentrations seem to disturb this phase.
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Fig. 3.91: CD* values at 349 nm (a) and [g@maxEL] values (b) of F8BT + R/S5011
based CP-OLEDs with a total chiral inducer concentration of 15 wt%
and effective concentrations of 5 % (blue), 10 % (green) and 15 % (red)
R5011.

Device architecture: ITO / PEDOT (35 nm) / XQUPD (25 nm)
/ XOTPD (25 nm) / FSBT + 15 wt%R/S5011 / CsF/Al (cured
10 min@180 °C) [M(F8BT) = 13 kg/mol.

Tab. 3.7: LIV performance details at 15 V, EL peaks and values for
three F8BT + 15 wt%R/S5011 based CP-OLEDs with different [e-es, all
with an EML thickness of 217 nm. Data is taken from fig. to [3.90.

effective R.5011 5 % 10 % 15 %
concentration

e.e.l / % 33 67 100
J@15 V / mA /cm? 13.1 10.4 13.8
L@15 V / Cd/m? 636 531 690
Eff@al5 V / Cd/A 4.9 5.1 5.0
max. EL A / nm 551 542 538
—0.76 —1.03 —0.59
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3.12 F8BT + R5011 chiral inducer concentration

Even outside of one specific experiment set, devices with different effective chiral in-
ducer concentrations can be compared. Fig. with chiral inducer enantiomeric
mixtures shows the same general trend as fig. (d), which used absolute chi-
ral inducer concentrations of one enantiomer only. The variations here can be
explained by the device differences, specified in tab. Individual experiment
sets are indicated by different data point shapes. Variations between these ex-
periments include total chiral inducer concentration, chiral inducer enantiomeric
mixtures and F8BT molecular weight. Also, the shown devices have a slight EML
thickness variation, a typical drawback in batch to batch comparison, which is
difficult to avoid completely. However, based on the data shown in fig. in
chapter the here shown EML range of 170 - 230 nm should result in ggy,

values in the same range.

g @maxEL
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|
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oo

0.8 [

1.0} ¥ 1

_12 | 1 | 1 1 1 | 1 | 1 | 1 | 1 | L | 1
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Fig. 3.92: values for CP-OLEDs with different effective R5011 concen-
trations. Different data point shapes indicate different experiment sets.
Variations between these stets include total chiral inducer concentration,
chiral inducer enantiomeric mixtures, F8BT molecular weight and EML
thickness variation. Experimental conditions are listed in tab.
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3 Results and Discussion

Tab. 3.8: Experimental condition of the data shown in fig.

data point square diamond | circle triangle | star
F8BT batch F&BT-21 | F&BT-37 | F&BT-21 | F8BT-21 | F8BT-13
curing t / min 15 10 15 15 15
curing T / °C 175 180 175 175 180
EXL thickness /| o 170 | 185 - 229 | 105 - 107 186 | 184 - 186
total chiral ind.

conc. / wt% 10 5-40 20 10 15
ee. / % 0-100 100 25 -100 100 33 - 100
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4 Conclusion and perspectives

4.1 Summary and Conclusion

In this work, different aspects of CP-OLEDs were introduced.

In chapter .1 a measurement set-up and procedure for circularly polarised
EL was introduced. Potential errors and artefacts were addressed and three differ-
ent ways to evaluate and present CP-EL data, through gg;, curves, [g,,] curves and
[g@maxEL values, were given. The possibilities an limitations of CD measurements

and the thickness-normalised CD coefficient CD* were demonstrated.

Basic aspects of the two used emitter classes, PFs and F8BT, were given in
chapters [3.2) to [3.4

Optical and phase behaviour of pristine and cured thin films from these polymers
was highlighted.

Based on energetic aspects, a standard OLED stack architecture was chosen and
optimised. On the example of F8BT, this included thickness variations of the
EML, as well as different curing temperatures. LIV device performance and EL
spectral shifts due to optical interference after reflection on the cathode were ex-
plained.

F8BT polymers with different molecular weights were compared, with a focus on
the influence of different curing conditions.

As potential obstacles, layer thickness volume reduction, surface roughness and
aggregation were analysed.

The influence of different curing times and temperatures on the absorption, PL an
PLQY behaviour of various F8BT batches with different [M, s was studied.

CP-OLEDs based on three different strategies were presented:
1. I-CPL emitters
2. one component systems

3. mixed systems
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4.1 Summary and Conclusion

In chapter the two helicene based molecules and [ThiahelalkBZT|
were introduced. Both materials did not perform well as emitters, achieving a
maximum device brightness too low to measure a potential I-CP-effect (strategy
1). Both materials did, however, perform well as non-emissive chiral inducers
within an F8BT matrix, achieving [g@maxEL values up to 0.42, which is shown in

chapter |3.8.1 (strategy 3).

Different groups of chirally functionalised PFs and F8BT were analysed in
chapter (strategy 2).

The BINOL based co-polymer P(BN-F8), while promising in solution, could not
create a chiral phase in layer. All other polymers, however, achieved significant
CP-effects. The best results, with maximum gg;, values on the first EL peak of up
to 0.74 and -0.55, were found for P(F8/c3) and P(F4/c2-F8) based CP-OLEDs,
respectively. Based on other results of this work, it is likely that, through optimi-
sation of the device architecture, preparation conditions and polymer properties,
these values could be significantly improved.

As representative example, P(F4/c2-F8) as analysed more thoroughly. The layer
thickness dependence, molecular weight dependence, as well as curing temperature
and time dependence of CD* was demonstrated. For P(F4/c2-F8) based CP-
OLEDs, different EML thicknesses lead to a wave-like shift of ggr, values for all
EL peaks.

With the same polymer, the potential benefit of cavity OLEDs was illustrated.
The effect of oxidation of the chirally functionalised polymer on absorption, PL,
CD* and CPL behaviour was analysed on the example of P(F6/c4-FN).

The influence of the position of the chiral centre on the handedness of the resulting
CD and CPL was explained, introducing the odd-even-effect.

To analyse the effect of co-polymerisation with achiral units, P(F8/¢c3) was com-
pared to P(F8/c3-F8).

As an example for chirally functionalised F8BT, P(F6/c4-BT) was analysed,
resulting in [g@maxEL values up to —0.13. A comparison to P(F6/c4-FN)
and F8BT-13 + 10 wt%R5011 was made, which both share similarities with
P(F6/c4-BT). In conclusion, it was found that P(F6/c4-BT) produced a much
smaller CP-effect than expected.
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4 Conclusion and perspectives

In chapter a mixed system (strategy 3) consisting of an F8BT matrix and the
BINOL based additives R5011 or S5011 was introduced. The two chiral inducer
enantiomers were shown to produce mirror image CD and ggp, curves.

It was shown that gg;, is independent of operating voltage for F8BT + R5011
based CP-OLED:s.

Analogous to neat F8BT thin films in chapter [3.4] chapter |[3.9| analysed the influ-
ence of different curing temperatures and times on F8BT 4+ R5011 mixed system
thin films.

While, for the example of FSBT-37, neat thin film thicknesses remained constant
up to 200 °C, volume reduction for the mixed system with 10 wt%R5011 already
set in at 170 °C.

On the example of F8BT-21 and F8BT-37, it was confirmed that the ideal curing
temperature and time is |M,| dependent. Lower or higher curing temperatures, as

well as shorter or longer curing times resulted in a reduced CP-effect.

In chapter [3.10] the impact of layer thickness variations of LIV performance and
CP-effect of F8BT + 10 wt%R5011 based CP-OLEDs was analysed and inter-
preted based on optical reflection and interference effects.

Increasing the HTL thickness gradually reduced device performance due to in-
creased resistance. However, [g@maxEL remained almost constant.

Changing the EML thickness resulted in a wave-like progress of Eff@13 V. Similar
to neat F8BT OLEDs, the spectral shift of EL peaks revealed multiple optical
modes, however, with different slopes. A strong EML thickness dependence of
[g@maxEL was found, with the values varying not only in size, but even in sign.
Similarly, the addition and thickness increase of an ETL resulted in decreasing
performance, as well as shifting EL spectra and [g@maxEL values.

In chapter |3.11], the F8BT molecular weight was shown to have a large influence

on the maximum achievable CP-effect, with between 7 kg/mol and 21 kg/mol

producing best results.
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Additionally, the chiral inducer concentration was varied in chapter[3.12] On sam-
ples containing 5 - 40 wt% R5011 or S5011, the dependence of [g@maxEL on the
chiral inducer concentration was illustrated. The largest CP-effects were achieved
with a concentration of 10 wt%.

Since directly changing the concentration had some drawbacks, the feasibility of
using enantiomeric mixtures instead was proven. It could be shown that with in-
creasing effective chiral inducer concentration, the maximum possible [g@maxEL
shifts towards lower EML thicknesses. However, 10 wt% chiral inducer remains
the ideal concentration, achieving [g@maxEL values up to a modulus of —1.12.

In conclusion, this work shows several successful approaches to create CP-OLEDs
with great device performance and outstanding CP-effects. The most important
factors influencing the outcoupled CPL are analysed, providing extensive guidance
to optimise CP-OLED systems. The maximum [g@maxEL values up to 1.1 are re-
producible and on level with the highest gg;, values reported for CP-OLEDs with
good performance to this day. It is often unclear whether a published gg;, value
is based on [g@maxEL, or if the less meaningful but usually higher maximum gg;,

value is given. This work might, therefore, even surpass these results.
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4.2 Perspectives

While large ggr, values, as required for device applications, are easily measurable
with the introduced optical CP-EL measurement set-up, it might still be valuable
to increase measurement sensitivity, for example to study I-CPL emitter ma-
terials, or measure CP-OLEDs with lower brightness. This could be achieved by
replacing the optical polariser components with a photoelastic modulator. The
advantage of this method, in addition to its higher sensitivity, is the possibility to
automate the measurement process. A significant drawback, however, is that it
would no longer be possible to measure complete EL spectra, but only intensities at
specific wavelengths. Measuring wavelength by wavelength might still be possible,
but for quickly degrading devices, this would certainly result in errors. Unstable
CP-OLEDs, which experience significant degradation within the time frame of the
measurement, are in danger of producing incorrect gg;, values or measurement
artefacts. With decreasing size of the ggr, value, those artefacts can even be larger

than the CP-effect, making it hard to quantify.

Currently, there is no solution for the poor performance of I-CPL emitters. The
requirements on the electric and magnetic transition dipole moments for large
CP-effects and high luminance simply could not be brought in accordance so far.
Intrinsic CPL is, however, still the most elegant concept and more attempts will
surely be made in the future. It has already been shown that the combination
of I-CPL and E-CPL components can lead to increased overall CP-effects [46].
It would, therefore, be of great value to continue the individual research of both

concepts to be able to combine them in the most profitable way.

Chiral functionalisation of polymers, as shown in this work, resulted in great
results. Compared to mixed systems, this approach, while more synthetically de-
manding, allows for a more stable chiral environment without the risk of phase
separation between the polymer and the chiral inducer. It would be extremely
valuable to continue the research on how different parameters influence the CP-
effect. Interesting factors could be the length and branching of the chiral side

chain, different ratios of chiral to achiral monomers and the position of the chiral
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centre. Using different chiral functionalities or multiple chiral centres could also
result in valuable insights. It should, however, not be disregarded that molecular
weight is a significant factor for CPL, so the [M,] of compared polymers from dif-

ferent groups should match as close as possible.

For mixed systems, it would be interesting to compare different chiral in-
ducers. Since such molecules can vary significantly in size, it would be prefer-
able to use molecular concentrations rather that the mass concentrations used in
this work and most publications. To quickly test whether and how well a chiral
molecule could function as chiral inducer, a parameter commonly used in the field
of LCD technology could be used, called helical twisting power (HTP). It is usu-
ally measured in an LCD cell with a liquid crystalline matrix material. Using this
established procedure would allow the comparison with other chiral inducer mate-
rials from literature. On the other hand, results found for this system might not be
transferable to thin layers in CP-OLEDs. Establishing a comparable process with
thin films of emissive polymers as matrix material might produce more realistic
results. For example, it is possible to calculate the twisting angle of spring shaped
nanowires from ellipsometry measurements. With the same process, it might be
possible to calculate HTP values and directly compare them to CD or ggy, values of
the same thin film or even CP-OLED. This process would allow extensive analysis
of the same device, thereby reducing preparation effort and errors caused by batch

to batch variations.

Apart from the here used emissive polymers PF and F8BT, many other emitter
polymers could be tested. The most important requirement for these materials
would be the existence of a liquid crystalline phase, ideally in a temperature range
unharmful for other OLED materials. For ideal results, the correlation between
molecular weight, phase behaviour and temperature would have to be studied for
each new polymer, just as shown in this work. Through the great potential for
customization of polymers, the CP-effect could be optimised for polymers with
different emission colours. This way, the first step towards a CP-OLED display,
possibly even a 3D display, could be made.
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4 Conclusion and perspectives

To better analyse CP-effects in all CP-OLEDs, it would be extremely beneficial
to prevent optical interference within the device, and the resulting intensity and
polarisation distribution of the outcoupled light. Light reflection on the cathode
and the subsequent CPL handedness reversal has the largest influence on the EL
spectral shape and polarisation state of the outcoupled light. Therefore, three

strategies shall be introduced here to suppress cathode reflection:

The first strategy, using a transparent cathode instead of a reflective cath-
ode, has already been attempted for to CP-OLEDs. The working principle and
examples from literature were introduced in chapter [2.6.5.

As second strategy, a rough cath-
[ rough cathode

ode could be used. A typical evapo-
rated cathode, following the surface of
the underlying organic layer, is smooth
and, therefore, highly reflective. Us-
ing a rough cathode, however, could

LCP

lead to scattering rather than reflec-
tion, thereby outcoupling the unwanted
light in backward direction to the sides
Fig. 4.1: Strategy 2: CP-OLED with rough rather than in forward direction. In-

cathode. terestingly, this approach has typically
been researched for the opposite reason, namely to increase light outcoupling ef-
ficiencies in cavity OLEDs [114]. It would, therefore, have to be adapted for this

purpose and device architecture.
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As third strategy, an additional light

absorbing layer could be introduced

absorbing layer

into the device stack. This layer, ide-
ally placed between the EML and cath-
ode, would absorb all light in back-
ward direction, and, therefore, remove

it from the system. But changing a

device stack so severely is always diffi-

cult. Even for highly absorbing materi-

als, this absorbing layer would certainly

have to be a few hundred nanometers Fig. 4.2: Strategy 3: CP-OLED with
an absorbing electron transport

thick, which would drastically influence
layer.

the electrical properties of the device.
To maintain good CPL results, device efficiency should be influenced as little as
possible by the new layer. Perovskites, due to their high conductivity and ab-

sorbance, might be an excellent material choice for this purpose.

Naturally, all three proposed strategies to suppress cathode reflection would result
in reduced device efficiency in "normal" foward outcoupling geometry. Half of the
generated light, the light produced in backward direction, would be removed and
not be outcoupled in forward direction. While this process might not be suitable
for eventual commercial device designs, it would be an immensely valuable step
towards studying and understanding CP-OLEDs. The knowledge gained this way
would benefit all types of CP-OLEDs, not just E-CPL systems.
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5.1 General Procedures

5.1.1 Substrates

As substrates, float glass or ITO coated glass sheets were cut into 1 inch? sized
squares. For device application, ITO substrates were structured via etching in a
mixture of 5 M FeCl; and 6 M HCI solution with a ratio of 1:1. All substrates
were washed before use. Washing was done successively in an ultrasonic bath with
CHCI,, acetone and 2 % Mucasol solution. Afterwards, the substrates were washed
in a spin-rinse-dryer with deionized water. Immediately before spin-coating PE-
DOT:PSS, the substrates were treated in an ozone chamber for 10 min, to remove

organic residues and increase surface polarity.

5.1.2 Materials

All materials were either used pure or mixed with a matrix material. To avoid
impurities, high grade materials like HPCL grade or at least 99% purity were used.
Only dried organic solvents were used. Materials synthesised from collaboration

partners were used as given.

5.1.3 Spin-coating of organic materials

Deposition of organic materials (e.g. HTM and EM) via spin-coating was per-
formed in N, protective atmosphere (H,O and O, < 1 ppm). If not otherwise
stated, solutions were prepared in toluene. Other used organic solvents include
chlorobenzene (CB), cyclopentanone (CPN), tetrahydrofurane (THF), chloroform
(CHCly), dichloromethane (DCM), methanol (MeOH), or mixtures thereof. Sol-
vent and concentration were chosen depending on spin-coating properties and de-

sired layer thickness.

Typical spin-coating concentrations for were 10 - 30 mg/ml. Typical doping con-

centrations for small molecule emitters or chiral inducers were 2.5 - 40 wt% in
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solution. Depending on the desired properties, spin-coater settings from 500 —
5000 rpm for 20 s were used, yielding EML thicknesses of 20 - 300 nm. Typical
EML thicknesses for polymer-based OLEDs were 160 - 190 nm.

Spin-coating was used for single- or multi-layer samples on glass or [TO-substrates,

as well as for layers in OLED devices.

5.1.4 PEDOT:PSS deposition

PEDOT:PSS deposition was performed in ambient atmosphere via spin-coating.
The PEDOT:PSS solution was filtered through a 0.45 pm syringe filter and spin-
coated at 4000 rpm for 30 s, resulting in an average layer thickness of 35 nm. The
PEDOT:PSS layer was subsequently heated to 150 °C for 10 min to remove residual
water. Afterwards, the samples were immediately transferred into N, protective

atmosphere to avoid phase separation of PEDOT and PSS due to air humidity.

5.1.5 Cross-linking

Cross-linking of oxetane-functionalised HTM molecules QUPD and OTPD was
performed through a CROP reaction with OPPI as photo-acid. HT'Ms were spin-
coated from a 5 mg/ml solution with 2 mol% OPPI. Afterwards, the layers were
illuminated with UV light (365 nm) for 15 s. Curing was performed at 110 °C for
90 s, followed by a dynamic rinsing step with 3 x 100 ul toluene. This process

typically yielded solvent-resistant layers of around 25 nm thickness.

5.1.6 Alignment layer preparation

As alignment layer, the polyimide (PI) precursor Liquicoat® PI-kit ZLI-2650 from
Merck was used. Solutions in CPN with concentrations of 11 - 30 mg/ml were
spin-coated at 1000 - 4000 rpm for 20 s. Afterwards, the PI precursor layer was
pre-annealed at 65 °C for 15 min to remove residual solvent and annealed at 210-
350 °C for 30 - 60 min to imidize the material.
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After cooling, the layer was rubbed multiple times to create an alignment layer.
Different kinds of materials were used as rubbing material, e.g. a woven microfibre
cloth, a piece of velvet or a thick microfibre material with long and soft fibres, a

polymer block or a carbon fibre brush.

Fig. 5.1: Imidization reaction of the PI-precursor through thermal treatment.

Other materials tested for their usability as alignment layer were mixtures of
PI with 30 - 70 wt% OTPD, PEDOT:PSS, XOTPD and graphene nano ribbons
(GNR).

5.1.7 Vacuum deposition

Vacuum deposition of the metallic cathode was performed in an evaporation cham-
ber. A 2 nm layer of CsF, followed by a 75 — 100 nm layer of Al were deposited.
For devices with an electron transporting layer, TPBi was deposited via vacuum
deposited in a K.J.Lesker spectros evaporation chamber.

For cavity OLEDs, 30 nm Ag was evaporated on top of the ITO substrate to form

a semitransparent mirror layer.

5.2 Analytical Methods

5.2.1 UV /Vis spectroscopy (UV /Vis)

UV/Vis absorption spectra were measured with a Cary 50 Bio spectrometer by

Varian in transmission geometry. A zero and baseline correction were performed
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before measurement. For linearly polarised absorption, a Lambda 1050 UV /VIS/NIR

spectrometer from PerkinFElmer was used with a rotating linear polariser.

5.2.2 Photoluminescence spectroscopy (PL)

Photoluminescence spectra were measured with a Cary Eclipse spectrometer by
Varian. Measurements were performed in N, protective atmosphere with a fixed
double-fiber at a 30° angle to sample surface. As excitation wavelength, fitting

values depending on the absorption properties of the tested material were used.

5.2.3 Photoluminescence quantum yield (PLQY)

PLQY was measured with a C9920-02 absolute PL quantum yield measurement
system by Hamamatsu. Measurements were performed in N, protective atmo-

sphere with the same excitation wavelength as used in PL spectroscopy.

5.2.4 Profilometry

Layer thickness was measured with tactile profilometry using a Dektak XT pro-
filometer by Bruker. To estimate the total layer thickness, the organic material
was partially removed with a scalpel. A highly sensitive measurement tip was di-
rected perpendicular over the scratch. This measurement was performed at three
positions. The depth of each resulting valley was measured at three positions. An

average value was calculated from those nine point measurements.

5.2.5 Ellipsometry

Ellipsometry measurements were performed on an M-2000XT ellipsometer with EC-
400 controller and ESM-300 stage by J.A.Woollam. Measurements in reflection

were performed with scotch tape on the back of the substrate to supress backside
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reflections. All measurements in reflection were repeated at four angles (VASE]).
Measurements in transmission were performed in a substrate holder oriented at
90° in respective to the light beam. As measurement mode, either standard ellip-
someters (SE) or Miiller Matrix ellipsometry (MM) were used.

Evaluation of SE data was performed on the Complete EASE software by
J.A. Woollam. For layer thickness measurements, the material was only fitted
with a Cauchy in the transparent region. For optic material constants n and k,
the fit was extended over the whole wavelength region with B-Spline and Gen-Osc
functions. CD values were calculated from MM data with a Mathlab script from
[61]. Samples with larger layer thicknesses of strongly absorbing materials, like in
many OLED device stacks used here, can border on the absorption limit. In these
samples, it might not be possible to calculate realistic CD values for the complete
spectral range. Usually, the missing wavelength range occurs around the most
intense CD peak. However, for materials with multiple CD peaks, it is possible to

analyse a second, smaller peak instead of the incomplete, largest peak.

5.2.6 Electric characterization (LIV) and
electroluminescence (EL) of OLEDs

Current-voltage-characteristics of OLEDs were measured with a 2004 source me-
ter by Keithley. Measurements were performed in an Ar protective atmosphere.
The brightness of the device was measured using an eye-corrected photodiode. All
measurements were performed on 3 individual pixels. For this work, the turn-on
voltage V,, was defined as the lowest driving voltag that produced a brightness of
1 Cd/m?.

5.2.7 Electroluminescence (EL) and polarised

electroluminescence

This measurement was performed subsequently to the LIV measurements. Elec-

troluminescence of OLEDs was measured with a USB2000 fibre optic spectrometer

242



5.2 Analytical Methods

by OCEAN OPTICS and a M93L02 fibre patch cable @ 1500 pm, 0.39 NA, 300 -
1200 nm (High OH) from ThorLabs. The device was operated with the same power
source as LIV measurements, but on a custom built OLED-holder with xyz-stage.
To achieve a collimated light beam, several lenses were used, e.g. an RMS4X Olym-
pus Plan N 4x/0.10/00/-/FN22 achromatic objective and a A390TM-A mounted
rochester spheric lens (f = 4.6, NA = 0.53, 350 - 700 nm), both from ThorLabs.
The measured scope mode spectra were converted into relative irradiance, based
on a calibration file for the whole set-up.

For polarised measurements, a linear polariser and an AQWP10M-580 1" achro-
matic quarter-wave plate (qwp) SM1-Threaded Mount, 350-850nm, both from
ThorLabs with rotating mounts, were used. All rotation angles are defined from
the point of view of the detector, with the 12 o’clock position as 0°. Whenever
possible, devices were measured at approximately 100 Cd/m? to ensure sufficient
brightness. To measure linear polarisation, only the linear polariser was placed
in the path of the collimated light beam and rotated between measurements. To
measure circular polarisation, the qwp was inserted between the linear polariser
and device. The linear polariser was set in 90° orientation and the qwp was set in
+45° position for LCPL and -45° for RCPL. Each polarisation was measured four
times. To avoid artefacts due to device degradation, measurement sequence was
L-R-R-L-L-R-R-L.

5.2.8 Microscopy

Microscopy pictures were prepared digitally with an Axio Scope.Al microscope
from Zeiss. Samples were illuminated with a backlight and analysed at different

magnifications, depending on the structure.

5.2.9 Differential scanning callorimetrie (DSC)

DSC measurements were performed on a DSC821e calorimeter from Mettler Toledo.
Sample sizes were 3 - 10 mg material in ME-27331 40 pl Al-crucibles. A small hole

was pinned into the closed crucibles to avoid pressure built up. Samples were
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measured with a heating rate of 10 °C/min (slow) or 30 °C/min (fast). All shown

measurements are second or later measurements.

5.2.10 Gel permeation chromatography (GPC)

Molar mass distribution of several polymers were measured by Sylwia Adamczyk
in the working group of Prof. Scherf, Bergische Universitdt Wuppertal. As solvent,
CHCl; was used.
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6.1 Materials

Chemicals were, if not otherwise stated, used as purchased or provided.

I,
See

R5011

(13bR)-5,6-Dihydro-5-(trans-4-
propylcyclohexyl)-4H-dinaphtho[2,1-
f:1°,2’-h][1,5]dioxonin

F8BT

poly(dioctylfluorene-co-benzothiadiazole)

PFO or P(F8)
P(R-BN-F8)
poly(dioctylfluorene)
poly(dioctylfluorene-co-6,6’-(2,2’-

dioctyloxy-1,1’-binaphthalene))

P(S-F4/c2-F8)

poly(dioctyl-co-di((25)- P(S-PF6/c4)
methylbutylfiuorene)) poly(di((45)-hexylfluorene))
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P(S-F8/c3)
poly(di((3S5),7-dimethyloctylfluorene))

P(S-F8/c3-F8)

poly(dioctyl-co-di((35),7-
dimethyloctylfluorene))

P(S-F6/c4-BT) PVK
poly(di((45)-methylhexylfluorene)-co- poly (9-vinylcarbazole)

benzothiadiazole)
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H1-Me2

16,16-dimethyl-15lambdad-aza-16lambda4-
boraheptacyclo[15.12.0.0%15.0%12.0%.9.020:29
.0%3:28|nonacosa-1(17),2(15),3(12),4(9),5,7,
10,13,18,20(29),21,23(28),24,26-
tetradecaene

QUPD

N4,N4’-bis(4-(6-((3-ethyloxetan-3-
yl)methoxy)hexyloxy)phenyl)-N4,N4’-
bis(4-methoxyphenyl)biphenyl-4,4’-
diamine
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Thiahelalk-BZT

4-(2-28-[2-(2,1,3-benzothiadiazol-4-yl)dddd
ethynyl]-6,11,20,45-tetra-tert-butyl-29

lambda3,36-dithiatetradecacyclo[31.15.0.
02:15 3.8 44T (9,14 (913,18 ()16,32 (17,22 (23,31

026:30 03442 (35,39 4348] o ctatetraconta-1,3,

5,7,9,11,13,15,17(22),18,20,23(31),24,26(30),
28,32,34(42),35(39),37,40,43(48),44,46-
tricosaen-37-ylethynyl)-2,1,3-
benzothiadiazole

&,

h}
e
S

N,N-bis(4-(6-((3-ethyloxetane-3-yl)
methoxy)-hexylphenyl))-N,N’-biphenyl-
4,4’-diamine
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Jd b s b s o
PRI WNI S
ST 8 s
7 S n SbFy
% % o
0= s o
PEDOT:PSS OPPL

(4-octyloxyphenyl) phenyliodonium

poly(3,4-ethylene dioxythiophene) doped hexafluoroantimonate

with poly(styrene sulfonate)

TPBi

2,2’,2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)
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Tab. 6.1: Polymeric emitter materials: F8BT.

(Lot# SR237)

Material lgM/;JnOl/ |§_/;’§Jn01/ PDI fyﬁilezsizgdfi)oym >
ffi;i{ 151025) 2590 | 1,880 1.38 | 1 Material, Canada
(Ff(iilsi Jo0Tacss) | 12600 | 7000 1.8 | 1Material, Canada
ﬁii@we& cH) 21,100 | 12,500 1.68 | 1 Material, Canada
ﬁi;?ﬁs 250 20400 9138 | 267 | % ﬁgfffolsz chelter,
ffiiéi{ Jo13scss) | 28000 | 14,000 2 | 1Material, Canada
?}ﬁi—?\mogm) 36,800 | 17,300 2.13 | 1Material, Canada
?ﬁii?wm%m) 38,863 | 17,400 2.23 | 1Material, Canada
f‘f(ij;é-%Ylﬁl%TH) 53,700 28,400 1.89 | 1Material, Canada
F8BT-122 122,000 | 13,260 9.90 | Stephanic Riith,

AK Meerholz
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Tab. 6.2: Polymeric emitter materials: PFs.

Material |M.,| / |M,,| / PDI Purchas.ed from or
g/mol | g/mol synthesised by

PFO

(Lot# mfl-p200) 270,000 | 99,400 2.17 | AK Scherf

PFO .

(Lot# YYT162P) 32,326 14,716 2.19 | 1Material, Canada

P(R-BN-F8)

(Lot# mctj0drl) 180,000 | 90,400 2.0 | AK Scherf

P(S-BN-F8) 193,000 | 92,800 2.1 | AK Scherf

(Lot# mctj04r3)

P(F4/c2-F8) Heinz-Georg

247,000 | 116,000 2.13 | Nothofer,
(Lot# HNA 93) AK Scherf
P(F4/c2-F8) 172,000 | 91,700 1.88 Christin Barron,

(Lot# CBCP2) AK Scherf

P(F6/c4-FN) Christin Barron,

(Lot# CBHP3) SLB00 [ 50800 | 161 \ g giper

Flf(ljtié;/écégPFOSGOQ) 130,000/ 69,700 1.86 /E}Igigtci}?eiarmn’
fﬁfﬁﬁg (8])1) " 101,000 | 59,000 171 igigzi}rl‘e?famn’
P(F6/c4-BT) 12,300 8,500 145 Christin Barron,

(Lot# CBCP3-BT) AK Scherf
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Tab. 6.3: Other materials used.

Purchased from or

Material purity synthesised by
Stephanie Riith

QUPD n.a and Anne Bergen,
AK Meerholz
Stephanie Riith

OTPD n.a and Anne Bergen,
AK Meerholz

OPPI n.a ABCR GmbH

PEDOT:PSS na Clovios

(Lot# 9001853423) A v

PVK .

(25 - 50k av. M,) n.a Aldrich
Daken Chemical

R5011 99.9% Limited, China
Daken Chemical

S50 99.9% Limited, China

CsF 99.99% Puratronic

Al 99%, 2.38 metal spheres | n.a.
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Tab. 6.4: Solvents used.

6.1 Materials

Solvent purity Purchased from

Toluene SeccoSolv dried 99.9% Merck

THF 99.5%, extra dry ACROS
99.9%, extra dry over

CHC, mol. sieve, stabilised ACROS
99.8%, extra dry over

CH,Cl, (DCM) mol. sieve, stabilised ACROS

Cyclopentanone

(CPN) >99.0% (GC) Fluka

Methanol (MeOH) | 20-8%, extra dry over |\ (p g
mol. sieve

Chlorobenzene (CB)

HPLC-grade 99.9%

Sigma Aldrich
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Abbrevations

AL | [alignment layer]
[BINOL | [1,1°-bi-2-naphtholl

CB | [circular birefringence
[CD | lcircular dichroism)

CP | [circularly polarised]
[CPL | [circularly polarised light)

[CP-OLED ___|[circularly polarised OLED]

[CROP | [cationic ring-opening polymerization
[DOS | [density of energetic states|

Er Fermi-level

EBL electron blocking layer

[e.e. | lenantiomeric excess|

[EL | lelectroluminescence

EM emitter material

[EML | lemissive layer

[ETL | [electron-transport layer

EQE external quantum efficiency

[F8BT | [poly(9,9-dioctylfluorene-alt-benzo thiadiazole)|
[FMO | lfrontier molecular orbitall
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[FRET | [Forster resonance energy transfer]

g CPL dissymmetry factor

Crmax | maximum g-value|

[e@maxEL | legr, value at the wavelength of the EL spectrum maximum|
Cw | lg weighted EL spectrum|

[HIL | [hole-injection layer]

H1-Me. azabora[7]helicene

[HOMO | highest occupied molecular orbitall
[HTL | hole-transport layer]

[HTM | hole-transport material|

IQE | internal quantum efficiency

ITO indium tin oxide ((In,O4)q(Sny);)
LC | liquid crystalline

[LCP | [left-handed circularly polarised

LP | linearly polarised|

[LPL | linearly polarised Tight]

LUMO | fJowest unoccupied molecular orbitall
MM | [Mdiller matrix

M, number average molecular mass
M, weight average molecular mass
(OLED | [organic Tight emitting diode]

OPPI | |(4-octyloxyphenyl) phenyliodonium hexafluoroantimonate
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[PDI | [polydispersity index]

PE | [polyfluorene

[PFO | [poly(9,9-dioctylfluorene)

[PI | [polyimide

[PL | [photoluminescence

[PLQY | [photoluminescence quantum yield|

qwp | [quarter-wave plate| (also written as A/4 plate)

RCP | [right-handed circularly polarised|

[RISC | [Feverse intersystem crossing

RT room temperature

SVA | [solvent vapour annealing

[TADF | fhermally activated delayed fluorescence

|T, | [glass transition temperature

ThiahelalkBZT  m-extended [7]helicene

T, | [melting temperature

[TPA | friphenylamine]

(VASE | variable angle spectroscopic ellipsometry]|

Von | turn on voltage| (defined here as operating voltage to
achieve L = 1 Cd/m?)

w; weight fraction

x; molar fraction
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