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1 Zusammenfassung

1 Zusammenfassung

Organische Leuchtdioden (OLEDs) haben in den letzten Jahren immer mehr an Bedeutung
gewonnen, so werden sie heutzutage in vielen elektronischen Gerédten mit Bildschirm, wie bei-
spielsweise Smartphones oder Fernsehern verbaut. Aufgrund der vielen Vorteile gegeniiber der
Fliissigkristall Display (LCD) Technologie verdrangen OLEDs diese Bildschirme zunehmend vom
Markt, so sind OLEDs nicht nur energiesparender, farbechter und giinstiger, sondern kénnen auch
umweltfreundlicher produziert werden|1]|2]. Jedoch steht die OLED auch noch vor einigen Her-
ausforderungen, eine der groften Herausforderungen stellt dabei die Suche nach einem effizienten
und stabilen blauen Emitter dar. Um dieses Ziel zu erreichen, muss aber zunéchst ein tieferes
Verstéandnis fiir den Einfluss verschiedener Eigenschaften von Emittern auf deren Charakteris-
tiken in einer OLED erlangt werden. Eine weitere Herausforderung ist eine weitere Senkung
der Produktionskosten, um die OLED neben dem Einsatz in Bildschirmen fiir den Einsatz in
Leuchtmitteln, wie Gliihbirnen, interessant zu machen|3|. Diese Reduktion der Kosten konnte
durch eine fliissig-prozessierte Einschicht-OLED, welche nur aus einer zwischen den Elektroden
liegende, durch Fliissigprozession aufgetragene Emitterschicht besteht, realisiert werden|4]. Hier
ist es ebenfalls nétig, ein grundlegendes Verstandnis fiir Einfliisse von 16slichkeitsvermittelnden
Gruppen auf Emittereigenschaften zu gewinnen. Zusétzlich muss ein tiefer-gehendes Verstdndnis

fiir Einfliisse der Gerétearchitektur auf die Leistung von OLEDs erlangt werden.

In dieser Arbeit sollen die beiden oben genannten Herausforderungen anhand von Fallbeispielen
untersucht werden. In einer ersten Studie wurden vier Emitter mit gleicher chemischen Zusam-
mensetzung, bestehtend aus einem Triazin-Akzeptor Baustein und drei Carbazol-Donor Bau-
steinen, mit variierter Konnektivitdt untersucht. Die, auf einem kiirzlich publizierten blauen
Emitter[5] basierenden, synthetisierten Emitter 9,97,97-[5-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-
yl)benz-1,2,3-triyl|tris(9H-carbazol) (345Trz) 9,9°,9"-[4-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-
yl)-benz-1,2,3-triyl|tris(9 H-carbazol) (234Trz), 9,9°,9”-[2-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-
yl)benz-1,3,4-triyl|tris-(9H-carbazol) (236Trz) und 9,9°,9"-[5-(4,6-bis(4-fluorophenyl)-1,3,5-tri-
azin-2-yl)-benz-1,2,4-triyl|-tris(9 H-carbazol) (245Trz) sind in Abbildung dargestellt.
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Abbildung 1.1: Emittermolekiile 345Trz, 234Trz, 236Trz und 245Trz.
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1 Zusammenfassung

Hierbei wurden sowohl die photophysikalischen Eigenschaften, als auch die Ladungstranspor-
teigenschaften dieser Materialien untersucht, um Riickschliisse hinsichtlich des Einflusses von
relativer Donor-Akzeptoer Position zueinander auf fiir OLEDs grundlegende Eigenschaften, wie

beispielsweise die Emissionswellenldnge oder Quantenausbeute ziehen zu kénnen.

245Trz | (236Trz 234Trz 345Trz
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(a) Filme auf Quarzsubstraten. (b) Losungen in Toluol.
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Abbildung 1.2: Unterschiedliche Lumineszenz von a) Filmen auf Quarzsubstraten und b)

Losungen in Toluol der vier Emitter unter UV-Licht.

Anhand dieser Studie wurde gezeigt, dass die Position der Donor Bausteine sowohl Einfliisse
auf die Emissionswellenlédnge (sieche Abb. , als auch auf die Photolumineszenzquantenaus-
beute (PLQY) hat. Dariiber hinaus wurden Unterschiede im Ladungstransport der vier Emitter
beobachtet.

In einer zweiten Studie wurde, basierend auf Dichtefunktionaltheorie (DFT) Rechnungen ein
Emitter mit einer Akzeptor-Donor-Akzeptor Struktur (siehe Abb, welcher ebenfalls auf
Carbazol-Donor Bausteinen und Triazin-Akzeptor Bausteinen basiert, synthetisiert. Dieser Emit-
ter sollte genutzt werden, um den Einfluss eines zweiten Triazin-Akzeptor Bausteins auf photo-

physikalische Eigenschaften, als auch die Ladungstransporteigenschaften zu untersuchen. Neben

4Cz2Trz
Abbildung 1.3: Akzeptor-Donor-Akzeptor Struktur 4Cz2Trz.
der erfolgreichen Synthese von 9,9’,9”,9"-(3,6-bis(4,6-diphenyl-1,3,5-triazin-2-yl)benz-1,2,4,5-

tetrayl)- tetrakis(9 H-carbazol) (4Cz2Trz) konnten aufgrund zu geringer Loslichkeit und Zerfall

unter Evaporationsbedingungen (hohe Temperaturen und Hochvakuum) keine weiteren Unter-
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suchungen durchgefiihrt werden. Somit war der Einbau in Einzelladungstrigergeréte, zur Un-
tersuchung des Ladungstrigertransports von Elektronen und Lochern, sowie in OLEDs nicht

moglich.

Um den Einfluss von l6slichkeitsvermittelnden Gruppen auf Emittereigenschaften zu untersu-
chen, wurde in einer dritten Studie ein Derivat (sieche Abb. des gut untersuchten Emit-
ters 5,10-Bis(4-(9 H-carbazol-9-yl)-2,6-dimethylphenyl)-5,10-dihydroboranthren (CzDBA) mit
tert-butyl Gruppen synthetisiert und untersucht. Hierzu wurden nicht nur die photophysika-
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tBuCzDBA

Abbildung 1.4: Lésliches Emittermolekiill tBuCzDBA.

lischen Eigenschaften von 5,10-bis(4-(3,6-di-tert-butyl-9 H-carbazol-9-yl)-2,6-dimethyl-phenyl)-
5,10-dihydroboranthren (tBuCzDBA) untersucht, sondern dariiber hinaus auch die Ladungs-
transporteigenschaften in Einzelladungstrégergerdten sowie auch in OLEDs und mit CzDBA
verglichen. Zusétzlich wurden verschiedene OLED-Architekturen getestet (siehe Abb.[L.5).
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(a) Konventionelle Einschicht-OLED.
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(c) Invertierte Einschicht-OLED
mit TPBi Zwischenschicht.
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(b) Invertierte Einschicht-OLED.

(d) Invertierte Einschicht-OLED
mit PVK Zwischenschicht.

Abbildung 1.5: Konventionelle und invertierte Einschicht-OLED Architekturen mit

tBuCzDBA als Emitter.

Anhand dieser Studie wurde gezeigt, dass die tert-butyl Gruppen keinen signifikanten Einfluss

auf die Orbitaleigenschaften haben, dariiber hinaus ist der Einfluss auf die PLQY gering. Der

Ladungstransport hingegen, wird durch die tert-butyl Gruppen hingegen merklich beeinflusst: So

konnte festgestellt werden, dass sowohl die Elektronenmobilitét, als auch die Anzahl von Elektro-

nenfallen in tBuCzDBA ecinen deutlichen Unterschied zu CzDBA aufweist. Des weiteren war

die Leistung einer OLED mit tBuCzDBA als Emitter deutlich vermindert verglichen zu einer
OLED mit CzDBA. Es konnte jedoch gezeigt werden, dass die OLED Leistung von Emittern

mit ungleichméfigem Ladungstransport von Elektronen und Lochern, durch den Einsatz einer

invertierten OLED-Architektur verbessert werden kann.
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2 Abstract

Organic light-emitting diodes (OLEDs) have become increasingly important in recent years, and
are now present in a lot of electronic devices with screens, such as smartphones or televisions. Due
to the many advantages over liquid crystal display (LCD) technology, OLEDs are increasingly
displacing these screens from the market. OLEDs are not only more energy-efficient, more
colorful and cheaper, but can also be produced in a more environmentally friendly way|1][2].
However, OLEDs still face some challenges, one of the biggest being the search for an efficient
and stable blue emitter. To achieve this goal, a deeper understanding of the influence of different
emitter properties on the characteristics of an OLED is needed. Another challenge is to further
reduce production costs to make OLEDs interesting for use in light sources, such as incandescent
bulbs|3]. This reduction in cost could be realized by a solution-processed single-layer OLED,
which consists only of a solution-processed emitter layer sandwiched between the electrodes|4].
Here it is also necessary to gain a basic understanding of the influence of solubility mediating
groups on emitter properties, in addition to a deeper understanding of the influence of device

architecture on OLED performance.

In this work, the two challenges mentioned above will be investigated using case studies. In a
first study, four emitters with the same chemical composition, consisting of a triazine acceptor
building block and three carbazole donor building blocks, were investigated with varied connectiv-
ity. The synthesized emitters 9,97,9"-[5-(4,6-bis(4-fluorophenyl)-1,3, 5-triazin-2-yl)benzene-1,2,3-
triyl]tris(9H-carbazole) (345Trz) 9,9°,9"-[4-(4,6-bis(4-fluorophenyl)-1,3,5-tri-azin-2-yl)-benzene-
1,2, 3-triyltris(9H-carbazole) (234Trz), 9,9’,9"-[2-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-yl)
benzene-1,3,4-triyl|tris-(9 H-carbazole) (236Trz) and 9, 9°,9"-[5-(4,6-bis (4-fluorophenyl)-1,3,5-
triazin-2-yl)-benzene-1,2,4-triyl|tris(9 H-carbazoles) (245Trz), all based on a recently published
blue emitter|5|, are shown in Figure

DS Dyt D O O
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345Trz 234Trz 236Trz 245Trz

Figure 2.1: Emitters 345Trz, 234Trz, 236Trz and 245Trz.

The photophysical properties as well as the charge transport properties of these materials were
investigated in order to draw conclusions regarding the influence of the relative donor-acceptor po-

sition on fundamental properties of OLEDs, such as emission wavelength or quantum yield.
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245Trz 236Trz 234Trz 345Trz

f

(a) Films on Quartz substrates. (b) Solutions in toluene.

Figure 2.2: Different luminescence of a) films on Quartz substrates b) solutions in toluene of
the four emitters under UV light.

Based on this study, it was shown that the position of the donor devices has influence on the
emission wavelength (see fig. [2.2) as well as on the photoluminescence quantum yield (PLQY).

In addition, differences in the charge transport of the four emitters were measured.

In a second study, based on density-functional theory (DFT) calculations, an emitter with an
acceptor-donor-acceptor structure (see fig. [2.3) also based on carbazole-donor building blocks
and triazine-acceptor building blocks was synthesized. This emitter should be used to investigate

the influence of a second triazine-acceptor building block on photophysical properties as well as
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Figure 2.3: Acceptor-donor-acceptor structure 4Cz2Trz.

Besides the successful synthesis of 9,9’,9".9"-(3,6-bis(4,6-diphenyl-1,3,5-triazin-2-yl)benzene-
1,2,4,5-tetrayl)-tetrakis(9 H-carbazole) (4Cz2Trz), no further studies could be carried out due
to too low solubility and decay under sublimation or evaporation conditions (high temperatures

and high vacuum). Thus, incorporation into single-carrier devices and OLEDs was not possi-
ble.
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2 Abstract

To investigate the influence of solubility-mediating groups on emitter properties, a derivative
(see Fig. of the well-studied emitter 5,10-bis(4-(9 H-carbazol-9-yl)-2,6-dimethylphenyl)-5,10-
dihydroboranthrenes (CzDBA) with tert-butyl groups was synthesized and investigated in a

O Dy
N{%@%}”

tBuCzDBA

third study.

Figure 2.4: Soluble emitter tBuCzDBA.

For this purpose, not only the photophysical properties of 5,10-bis(4-(3,6-di-tert-butyl-9 H-carbazol-
9-y1)-2,6-dimethyl-phenyl)-5,10-dihydroboranthrenes (tBuCzDBA) were investigated, but fur-
thermore the device characteristics in single charge carrier devices as well as OLEDs and com-

pared with CzDBA.. In addition, different OLED architectures were tested (see Fig. .
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(c) Inverted single-layer OLED
with TPBi interlayer.
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(b) Inverted single-layer OLED.
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(d) Inverted single-layer OLED
with PVK interlayer.

Figure 2.5: Conventional and inverted single-layer OLED architectures with tBuCzDBA as

emitter.




2 Abstract

Based on this study, it was shown that the tert-butyl groups have no significant effect on the
orbital properties, moreover, the influence on the PLQY is small. The charge transport on the
other hand, is noticeably affected by the tert-butyl groups. It was found that both the electron
mobility and the number of electron traps in tBuCzDBA showed a significant difference from
CzDBA. Furthermore, the performance of an OLED with tBuCzDBA as the emitter was
significantly decreased compared to an OLED with CzDBA. However, it was shown that the
OLED performance of emitters with unbalanced charge transport can be improved by using an
inverted OLED architecture.
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3 Introduction

3 Introduction

Organic light emitting diodes (OLEDs) have become an indispensable part of our everyday lives.
They are incorporated in many modern electronic devices such as smartphones, TV screens or
laptops. The foundation for the development of OLEDs as we know them today was laid in 1987
by C. Tang and VanSlyke. By introducing a electroluminescent diode with 8-hydroxyquinoline
aluminum (Alqs) as organic emitter|6], they opened up an completely new field of research that
less than 40 years later was to become a pioneering technology in almost all display applications.
Modern OLEDs show several advantages over the conventional liquid crystal display (LCD) tech-
nology, which has been the market leader for many years. Since the pixels within an OLED screen
are self-emitting, no background lighting as in LCD screens is necessary, which leads to a lower
power consumption, a higher contrast and a better color purity|l]. Additionally, materials used
in OLEDs can be produced cheaper and more environmentally friendly than for LCD screens|2].
Only by the incorporation of organic materials as emitters, technologies such as curved or trans-
parent displays can be realized. Displays represent one of two major applications for OLEDs.
The second application is lighting, where OLEDs offer a viable, energy efficient technology com-
pared to conventional lighting products such as light bulbs and luminescent tubes. In recent
years, the light bulb as invented by Edison|7| back in 1879, has been gradually replaced by the
more energy-efficient (inorganic) light emitting diodes (LED) lamps|8|. Since the extraction of
materials such as silicon is not very environmentally friendly, a more environmentally friendly
technology is desired. This is where the OLED comes into play. However, in order to compete
with LEDs, efficient, stable and above all, inexpensive, devices are needed|3]|. OLED research
has come a long way to catch up with LEDs. So, the first generation of organic emitters, based
on fluorescent compounds was very inefficient and unstable. The first OLEDs that were efficient
and stable were built with so-called second generation emitters. Emitters of this generation are
based on heavy metal complexes, but the heavy metals used are not only expensive and toxic to
humans, but the development of an efficient and stable blue emitter was not successful|9]. Re-
search was continued and a third generation was introduced, which includes so-called thermally
activated delayed fluorescence (TADF) emitters|10]. These emitters are cheaper, less toxic, more
environmentally friendly and easier to process than the ones of previous generations|11|. But
even for the third generation the design of an efficient and stable blue emitter is still a great chal-
lenge|12]. Meanwhile, conventional multilayer OLEDs (more details in Chapter have shown
to be efficient and stable[13], but due to the fact that within such a device a lot of different layers
are incorporated, the production costs are quite high, because every additional layer adds an ad-
ditional production step. In order to reduce costs and workload, the most simple device structure
of an emitting layer sandwiched between two electrodes, a so-called single-layer OLED, would be
ideal[4]. The concept of such devices will be further explained in Chapter .6] In addition to the
modified device structure, the way the emitting layer is deposited on the device can be modified.
Usually the emitting layer in an OLED is fabricated by thermal evaporation in vacuum. This
methods requires a high vacuum evaporator and is quite time-consuming. In order to reduce the

production costs further, this emitting layer could be fabricated by solution-processing methods
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such as spin-coating or inject-printing. For that, a soluble emitter is required|3|. To develop
such a solution-processed single-layer OLED, which is on the one hand efficient and stable, but
on the other hand also inexpensive, is currently still a big challenge. In order to get one step
closer to this goal, it is necessary to have a deeper understanding about the influences of emitter

design and device structures on the efficiency of OLEDs.
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4 Theory

4.1 Organic light emitting diodes

In general an OLED is built up from two electrodes, a cathode and an anode between which
there are different layers of organic material. From the application of a voltage to the light
output, there are various processes that take place in such a device. First, charges are injected
from the electrodes, electrodes from the cathode and holes from the anode. After injection the
electrons and holes have to be transported through the organic material in order to meet each
other and recombine to form a hole-electron pair or so-called exciton. Under certain conditions,
the relaxation of this exciton can lead to the emission of a photon. Since each of these processes
involves a potential loss of efficiency and stability, an attempt was made to optimize them[13].
This optimization was achieved by introducing different organic layers. Therefore conventional
OLEDs consist of multiple organic layers between the electrodes and are called multilayer OLEDs
(see fig. . Within this architecture two electrodes (anode and cathode), two charge injection
layers (hole and electron injection layer), two charge transport layers (hole and electron transport
layer), two charge blocking layers (hole and electron blocking layer) and one emitting layer can
be found.

Figure 4.1: Device architecture of a conventional multilayer OLED.




4.2 Charge injection

4.2 Charge injection

To achieve efficient charge injection, it is necessary, that the work function of the electrode and
the emitting layer (EML) align. Since this is often not the case for conventional electrodes,
an injection barrier is formed. This injection barrier requires an increased voltage to overcome,
which has a negative effect on the stability of an OLED. To avoid this, charge injection layers are

used which reduce the work function of the anode and increase the work function of the cathode

(see fig. [13].
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Figure 4.2: Schematic band diagram of a conventional multilayer OLED.

4.3 Charge transport

After the charges have been injected from the electrodes they need to be transported to the
EML. In addition, the work function of the charge injection layers must be further aligned with
that of the EML. This is achieved by the introduction of charge transport layers. Together with
the charge injection layers the charge transport layers take part in a sort of staircase mechanism
(see fig. . Since the charge injection layer may show an unbalanced charge transport, the
charge transport layers ensure that holes and electrons are recombining exclusively inside the
emitting layer. Additionally, charge blocking layers are used to prevent counter charges
from reaching the counter electrode and causing a short circuit. These charge blocking layers
have very high (for electrons) or very low (for holes) work functions to prevent a transfer of
the counter charges (see fig. . In order to determine the charge transport properties of an
organic semiconductor single-carrier devices, in which only one type of charge carrier is allowed
are used (see fig. . There are two types of single-carrier devices, those who only conduct
electrons are called electron-only (EO) devices, the counterpart for positive charges is called
hole-only (HO) device. In order to obtain a single-carrier device it is necessary to use electrodes
from which only one type of charge, either holes or electrons can be injected into the organic
semiconductor. This can be realized by a large energy difference between the work function of
the electrode and the HOMO (EO) or LUMO (HO) level of the semiconductor, which creates a
high injection barrier. Additional to that thin interlayers of buckminsterfullerene (Cgp) (4 nm)
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for the HO and 2,2’,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1- H-benzimidazole) (TPBi) (4 nm) for
the EO were used (see fig. . It has been shown that with thin interlayers of these materials an
Ohmic contact between electrode and semiconductor can be established. Ohmic injection means
that there is no injection barrier present|15|. In fig. and schematic band structures
with Fermi level alignment at the thermal equilibrium are displayed, here an injection barrier for

one of the electrodes in an asymmetric EO device can be observed.

E
E P
m T
i m p Ba/Al
i
: Al,0, t B
MoO, e PMoo, t |
o e
r
(a) Schematic band structure (b) Schematic band structure
of a symmetric HO device of an asymmetric EO
architecture. device architecture.
Al,0, T Ba/Al
MoO, MoO,
(c¢) Schematic band structure (d) Schematic band
of a symmetric HO structure of an
device architecture with asymmetric EO device
Fermi level alignment at architecture with Fermi
thermal equilibrium. level alignment at

thermal equilibrium.

Figure 4.3: Schematic band diagrams of a) symmetric HO and b) asymmetric EO devices and

the corresponding band diagrams at the thermal equilibrium (¢ and d).




4.3 Charge transport

In Figure [£.4a] the device architecture of a hole-only device is displayed. The device is build up
from glass substrates with a patterned indium tin oxide (ITO) layer. On top of the substrate
a 45 nm thick layer of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is
spin-coated, followed by an evaporated layer molybdenum trioxide (MoO3) (7 nm) and an evap-
orated layer of Cgg (4 nm). The next layer is an evaporated layer of the organic semiconductor.
This layer is commonly 100-150 nm thick. On top, again the combination of Cgp (4 nm) and
MoOs3 (10 nm) is evaporated. The top electrode consists of a 100 nm thick layer of aluminium
(Al). In fig. the device architecture of an electron-only device is displayed. The device is
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(a) hole-only device architecture (b) electron-only device architecture

Figure 4.4: General architectures of single-carrier devices used for investigating charge
transport properties. a) hole-only device architecture; b) electron-only device

architecture.

built up from a glass substrate onto which a layer of 30 nm Al as bottom electrode is evaporated.
In order to lower the work function, so that only electrons can be injected, the Al layer is exposed
to air for no longer than 5 min to oxidize it to an AlsOg layer. The next layer is an evaporated
layer of the organic semiconductor. This layer is commonly 100-150 nm thick. On top of the
emitter layer a 4 nm thick interlayer of TPBi is evaporated. The top electrode consists of a 5 nm
thick layer of barium (Ba) and a 100 nm thick layer of Al.

The HO devices used in this work are built up symmetrically, therefore the work function of both
electrodes is the same and holes can be injected from top or bottom depending on the bias (see
fig. , so also for negative bias a current is observed. These currents are measured in current-
voltage measurements, a typical current density against voltage plot (JV plot) is displayed in
fig. Here a symmetric curve can be observed, which means injection from top and bottom

electrode has to be equal.
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Figure 4.5: Current density against voltage plot for a symmetric hole-only device of
5,10-Bis(4-(9 H-carbazol-9-y1)-2,6-dimethylphenyl)-5,10-dihydroboranthrene
(CzDBA) in a) semilog scale b) log-log scale|16].

If we take a look at the log-log scale (see fig. [4.5b]) different current regimes can be observed. In
the low voltage regime (diffusion regime), a linear JV dependence (J o V') can be observed (red

line in fig [4.5b)). The current can be described by a combination of Fick’s first law of diffusion
and Ohm’s law|17]:

Vv
Jdiff = nq,uf (4.1)

with Jg; sy the resulting current density, n the diffused charge carrier density, ¢ the elementary
charge, 1 the charge mobility, V' the voltage and L the thickness of the active layer. This
diffusion regime is followed by the drift current regime, where the current is space charge limited

and rises quadratically (J o< V2) (orange line in fig. [4.5b)). This regime can be described by the
Mott-Gurney law|18|:

9 (V—-V,)?
JscrLo = €M(L3b)

. (4.2)

With € the dielectric constant of the emitter. In order to reach the space charge limited current
regime, there are two prerequisites. The first is an Ohmic charge injection from the electrode
into the semiconductor. The second prerequisite is that the semiconductor has to be trap free,

because otherwise the current will be trap limited and will show a stronger voltage-dependence
(J o< VF with k > 2)[19)].




4.3 Charge transport

The EO devices used in this work are built up asymmetric, therefore the difference between the
work functions of the two electrodes causes a so-called built-in voltage Vbi (see fig. . Here
the electrons only can be injected from the top electrode, since the injection from the bottom
electrode is hindered by an injection barrier[20]|. A typical JV plot of an asymmetric EO device
is displayed in Figure [4.64]
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Figure 4.6: Current density against voltage plot for an asymmetric electron-only device of
9,9’,9"-[5-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-yl)benzene-
1,2,3-triyl|tris(9 H-carbazole) 345Trz in a) semilog scale b) log-log scale.

In the log-log scale JV plot (see fig. again different current regimes can be observed.
For the diffusion regime the JV dependence is no longer linear due to band bending at the top
electrode, which is caused by accumulation of diffused charge carriers|20|. Further explanations
about properties of the diffusion regime in asymmetric single-carrier devices and band bending
in organic semiconductors can be found in references [20], [21] and [22]. After the applied voltage
exceeds the built-in voltage Vj; (see fig. , the current rises quadratically (J o< V?2) (orange
line in fig. |4.6bf). This drift current regime can again be described by the Mott-Gurney law

(eq. [4.2).




4.4 Charge recombination and light output

4.4 Charge recombination and light output

After the charges have been transported to the EML, they meet each other to form electron-hole
pairs so-called excitons. In Figure a Jablonski diagram for electrical excitation with following
exciton formation is shown: 25% of the generated excitons are in the singlet state S (total spin
of S=0) and 75% of the generated excitons are in the triplet state 77 (total spin of S=1).
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Figure 4.7: Jablonski diagram for electrical excitation.

This difference in occupation arises from the possible combinations of the half-integer spin of
holes and electrons and is called spin-statistics. In fig. the possible combinations of the half-
integer spins of holes and electrons are displayed, it can be observed that there a three possible
combinations that lead to a total spin of S=1 and therefore to the triplet state, while there is

only one possible combination that leads to a total spin of S=0 and therefore to the singlet state.

[ ZaX7

| |
singlet triplet

Figure 4.8: Spin statistic for excitons. Reproduced after literature|23].

In first generation OLEDs, purely organic fluorescent emitters have been used. By the fact that
fluorescence is only generated by radiative relaxation from the S level to the Sy ground state,

only 25% of the generated excitons can be transferred into emitted photons, which translates into




4.4 Charge recombination and light output

an internal quantum efficiency (IQE) of 25% in electroluminescent devices. The IQE describes
the percentage of charges injected into the device that are transformed into photons within the
device. The other 75% of excitons are trapped within the 77 state because a radiative transition
from T} to Sy is forbidden due to a necessary spin flip. So 75% of the generated excitons are

long-living and decay non-radiatively to the ground state (see fig. |4.9)).

25% /\ 75%
‘ i |
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Figure 4.9: Jablonski diagram for first generation OLEDs using fluorescence emitters.

In order to increase the IQE the concept of the first generation has been improved, in the fol-
lowing, second generation heavy metals have been introduced into the until then purely organic
emitters. The incorporated heavy metals are responsible for an increased spin-orbit coupling
(SOC). The increased SOC now enables a radiative transition from 77 to Sp, which is called
phosphorescence. Additionally, the increased SOC enables a transition from S; to 17 the so-
called intersytem crossing (ISC) (see fig. [4.10). If the rate of ISC is higher than the rate of
fluorescence decay up to 100% of the generated excitons populate the triplet state and decay via

phosphorescence and IQE up to 100% can be achieved|24].

25% //..\\ 75%
E //
I'4

Sy M
— T
ISC

So

Figure 4.10: Jablonski diagram for second generation OLEDs using phosphorescence emitters.
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4.5 Thermally activated delayed fluorescence

4.5 Thermally activated delayed fluorescence

A third generation of OLEDs was introduced, which includes so-called thermally activated de-
layed fluorescence (TADF') emitters|[10]. These kind of emitters are purely organic fluorescence
emitters, but due to the fact, that they posses a very small energy gap between the S7 and the
Ty state, usually smaller than 100 meV, the generated triplet excitons can be transferred into
the singlet state via a process called reverse intersystem crossing (RISC) (see fig. [4.11])[25].

25% 75%
E ) /RIS C

x
A
T, —LAEsr < 100 mev
ISC
So

Figure 4.11: Jablonski diagram for third generation OLEDs using TADF emitters.

Since the decay form 17 to Sy is forbidden and therefore has a very low rate constant the
generated triplet excitons get converted into the singlet state via RISC and decay from there
via fluorescence. The rate-determining step in TADF is the RISC process, since its rate is
much lower than the rate for fluorescence decay. One approach to increase its rate (krrsc) is
to minimise the energy difference AEgy between T) and Si, based on equation [£.3] a fitted
Arrhenius equation|26].

AE
krrsc = A exp (— kﬂfT) (4.3)

With A the pre-exponential factor, £ the Boltzmann constant and T" the temperature. The term
AFEgr in equation [.3] corresponds to the energy difference between the lowest excited singlet
state 51 and the lowest excited triplet state T7. The energy of the individual states can be
understood as the sum of the orbital energy E,.;, the repulsion energy between electrons K
and the exchange energy J, which corresponds to the first-order quantum mechanical correction.
This correction contains the electron-electron repulsion according to the Pauli principle. If one
now forms the difference of equations [£.4] and one obtains 2J as the value for the energy
difference AFEgr.|26|

Es1 =FEorp + K+ J (44)
Eri=FEuy,+K—J (45)
AEgr = Eg1 — By = 2J (4.6)

11



4.5 Thermally activated delayed fluorescence

The exchange energy J can be minimised by a spatial separation of the highest occupied molecule
orbital (HOMO) and the lowest unoccupied molecule orbital (LUMO). To achieve this separation,
there are two main approaches: It can either be achieved by a twist within the molecular structure
between donor (HOMO) and acceptor (LUMO) or by a fixed separation (e.g. spiro compounds).
With this kind of emitters a quantum yield of up to 100% is possible. In order to get light
output from an OLED, a radiative charge recombination within the EML, as shown above, is
necessary. Therefore all layers within a multilayer OLED architecture have to be optimized,
so that the hole and electrons recombine within the EML. In order to compare the OLEDs
with each other, a standard benchmark for the performance of OLEDs, the external quantum
efficiency (EQE) has been introduced. This value represents the percentage of injected charges
that can be harvested as photons outside the device. However, this EQE is strongly limited by
the outcoupling efficiency, which describes how many of the photons generated in the device are
outcoupled from the device. The outcoupling efficiency for common OLEDs is about 25-30%,
which means that an emitter with an internal quantum efficiency (IQE) of 100% can achieve a
maximum EQE of 25-30%]27].

12



4.6 Single-layer OLED

4.6 Single-layer OLED

In comparison to the introduced multilayer OLED a single-layer OLED consists only from an
EML sandwiched between two electrodes. The absence of charge injection, charge transport
and charge blocking layers simplifies the device architecture a lot, but on the other hand also
increases the demands on the properties of the emitter. Since the emitter has to compensate the
properties of all the mentioned layers. A first step towards a highly efficient single-layer OLED
with a simplified device architecture has recently been made by Kotadiya and coworkers|28|. They
present an OLED architecture as displayed in fig. [£.12a] as a promising single-layer approach.
In fig. [£.12H] a schematic band diagram of the architecture is shown. Here it can be observed,

that there is no staircase mechanism like in the multilayer OLED mentioned above (see. fig.

12).
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(a) Device architecture of a single-layer OLED. (b) Schematic band diagram of a single-layer OLED.

Figure 4.12: Device architecture and schematic band diagram of a single-layer OLED as

presented by Kotadiya and coworkers|28§].

For this approach a MoO3 anode (7 nm) has been evaporated on top of a ITO substrate with
spin-coated PEDOT:PSS on top. On the MoOj3 anode a thin interlayer (4 nm) of Cgy was
evaporated in order to form an Ohmic contact between MoOgs and the emitter. On top of an
evaporated layer of CzDBA (70 nm) a thin interlayer of TPBi (4 nm) was evaporated in order
to form an Ohmic contact with the Al cathode (100 nm) on top[28]. An exemplary JV plot for a
singe-layer OLED is displayed in Figure [f.13] This plot can be split up into three sections which

are marked in the graph.
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4.6 Single-layer OLED
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Figure 4.13: Current density against voltage plot for a single-layer OLED of
5,10-Bis(4-(9 H-carbazol-9-yl)-2,6-dimethylphenyl)-5,10-dihydroboranthrene
(CzDBA) in semilog scale|28].

In the first regime the current shows a linear dependence on voltage and represents the leakage
current. This leakage current arises from parasitical currents between the electrodes|29], but does
not indicate major defects. In case of major defects, this leakage current would be several orders
of magnitude higher, resulting from short circuits|30]. In the second regime the resulting current
is dominated by diffusion of charges and shows an exponential dependence on voltage (J oc eV).

The current in this diffusion regime can be described by the Shockley diode equation|31]:

7=y [ean () -1 (47)

with Jy the saturation current density, n the ideality factor which has a value between n = 1
ton = 2. n = 1 corresponds to a trap free charge transport and n = 2 corresponds to a trap
assisted recombination|32] and Vp the thermal voltage. This thermal voltage describes the po-
tential through which an electron would gain an energy equal to the thermal energy (k7"). Within
this regime the current density shows a strong temperature dependence due to the temperature
dependence of the saturation current density Jyp and the ideality factor n[29][33].After the built-in
voltage Vj; the drift current regime begins, within this regime the current is space charge limited
and shows a quadratic dependence on voltage following the Mott-Gurney law (eq. |29|. For
a trap limited emitter a higher current dependence on voltage is obtained (J oc V¥ with k > 2).

14



4.6 Single-layer OLED

In contrast to the above mentioned multilayer OLED, the recombination within a single-layer
OLED can take place everywhere in the device, since no hole or electron blocking layer are
used. Recently our group has shown, that a broad recombination profile within the center of
EML is desirable, in order to achieve a high outcoupling efficiency and therefore a high EQE for
single-layer OLEDS.
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(a) Centered recombination. (b) Shifted recombination.

Figure 4.14: Centered and shifted recombination in OLEDs due to balanced and unbalanced

charge transport.

A centered recombination of holes and electrons in single-layer OLEDs (see fig. is only the
case for emitters that exhibit balanced charge transport. A good estimation whether an emitter
has a balanced charge transport is by comparing the density of electron and hole traps. Esti-
mating a high density of electron or hole traps, can be done by comparing the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies to the
so-called trap-free window, which has been recently published. It has been demonstrated
that for compounds with an ionization energy (IE) of lower than 6 eV behave trap-free regard-
ing hole transport. On the other side compounds with an electron affinity (EA) of higher than
3.6 eV behave trap-free regarding electron transport. Additional to that the compounds which
are within this trap-free window show a quadratic dependence of current to voltage in the drift
current regime, following eq. If, like in many cases for organic emitters the hole transport is
enhanced compared to the electron transport the recombination zone is shifted towards the top
electrode (cathode) (see fig. . In this scenario the generated excitons are much closer to
the emitter /metal interface and therefore the formation of surface plasmon polariton, which rep-
resents a non-radiative decay is more likely . There are two different possible solutions for
a single-layer OLED approach incorporating an emitter with unbalanced charge transport. The
first option is to use an optimized OLED architecture with a thicker interlayer between the EML
and the cathode. Since this approach would no longer represent a single-layer OLED, another
approach was chosen. The second more, and promising, approach is an inverted architecture
of a single-layer OLED where cathode and anode are switched. The latter will be tested and

discussed in this work.
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5 DMotivation

5 Motivation

In order to design an efficient and stable blue emitter it is indispensable to derive a deeper under-
standing which factors influence the electronic and photophysical properties of TADF molecules.
Additionally, to the blue emission, a high solubility in common organic solvents is of great in-
terest in order to achieve solution-processed devices. Since the dilution of the emitting layer
with polymers such as polystyrene (PS) is only feasible with solution processing and would be
impossible with co-evaporation methods. Such dilutions are used to increase the efficiency of
OLEDs, due to a reduced self quenching in the EML. The aim of this work is the synthesis, in-
vestigation and comparison of a range of organic emitters with a systematically varied molecular
structure, based on a recently published sky-blue TADF emitter consisting of a triazine acceptor
and carbazole donor units, which achieved an exceptional external quantum efficiency (EQE) of
25% in an OLEDI[5|.
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Figure 5.1: Target molecules 345Trz, 234Trz, 236Trz, 245Trz, 4Cz2Trz and
tBuCzDBA.

Recent investigations at our group demonstrated trap-free electron and hole currents for the
emitter published by Lee and coworkers|5|. Therefore a group of five molecules consisting of
carbazole donor units and triazine acceptor units was designed, synthesized and investigated

regarding photophysical and charge transport properties. Four of the five molecules are com-
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5 DMotivation

posed of one triphenyltriazine acceptor unit and three carbazole donor units. The fifth molecule
contains two acceptor units and four donor units (see 4Cz2Trz in fig. [5.1). By varying the ar-
rangement of the donor units on the central phenyl ring, or increasing the number of acceptors,

a possible link between molecular structure and electronic properties may be identified.

As a reference molecule the symmetrically arranged 9,9’,9”-|5-(4,6-bis(4-fluorophenyl)-1,3,5-
triazin-2-yl)benzene-1,2,3-triyl|tris(9 H-carbazole) (345Trz) will be used (see Figure[5.1)). For the
three compounds 9,9’,9”-|4-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-yl)benzene-1,2,3-triyl|tris(9 H -
carbazole) (234Trz), 9,9’,9"-|2-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-yl)benzene-1,3,4-triyl|tris-
(9H-carbazole) (236Trz) and 9,9’,9”-[5-(4,6-bis(4-fluorophenyl)-1,3,5-triazin-2-yl)-benzene-1,2,4-
triyl]-tris(9 H-carbazole) (245Trz) the carbazole units are arranged asymmetrically around the
central phenyl ring. By comparing the asymmetric compounds to 345Trz, we may identify
differences in the photophysical and charge transport properties. Thus, we hope to obtain a
deeper understanding on the link between the relative position of donor and acceptor and the

optoelectronic properties.

As fifth target molecule 9,9’,9”,9”’-(3,6-bis(4,6-diphenyl-1,3,5-triazin-2-yl)benzene-1,2.4,5-tetrayl)-
tetrakis(9 H-carbazole) (4Cz2Trz) composed of two triphenyltriazine units and four carbazole
units was synthesized. By investigating this acceptor-donor-acceptor (A-D-A) structure a possi-

ble link between the number of acceptor units and optoelectronic properties may be identified.

Additionally, the TADF molecule 5,10-bis(4-(3,6-di-tert-butyl-9 H-carbazol-9-yl)-2,6-dimethyl-
phenyl)-5,10-dihydroboranthrene (tBuCzDBA) consisting of two tert-butyl carbazoles as donor
units and one diboraanthracene as acceptor unit was synthesized and investigated. The com-
pound is very similar to the well known emitter 5,10-Bis(4-(9 H-carbazol-9-y1)-2,6-dimethylphenyl)-
5,10-dihydroboranthrene (CzDBA) but the attached tert-butyl groups provide significantly im-
proved solubility, and make the molecule compatible with solution-processing. Nevertheless, its
molecular weight is compatible with thermal evaporation, which we will employ as well for this
particular emitter. To investigate the charge transport properties, electron-only (EO) devices
and hole-only (HO) devices were used. By comparison of both a possible imbalance in charge
transport of the compounds can be investigated. Additionally, the behaviour of tBuCzDBA in
different OLED device structures was tested. These different architectures in principle allow to
understand i) what the influence is of the solubilizing groups on optoelectronic performance and
ii) differences in photophysical properties between devices obtained by evaporation and solution

processing.
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6 Comparison of Carbazoles-triazine compounds

6 Comparison of Carbazoles-triazine compounds

Within this section, the influence of spatial donor-acceptor arrangement on TADF properties will
be discussed. Therefore four emitters, based on a recently published blue TADF emitter[5], each
consisting of three carbazole donor units and a triazine acceptor unit with varied connectivity

have been synthesized, investigated and compared to each other.

6.1 Synthesis and characterization

The four carbazole compounds shown at the top in Figure have been synthesized in a three
step synthesis starting from the appropriate trifluoro-bromo-benzene precursors (see Scheme.
The first step represents a nucleophilic aromatic substitution of the fluoride by carbazole. In a
second step the aryl-bromides were converted into corresponding boronic acids (234Trz, 236 Trz
and 245Trz) or the corresponding boronic acid pinacol ester (345Trz), both of which were used
in a subsequent Suzuki coupling (see Scheme . The reaction to the boronic acid was carried
out with trimethyl borate and n-BuLi, while the synthesis of the boronic acid pinacol ester was
performed with bis(pinacol)diborane and Pd-catalyst (Miyaura-Borylation). The third step was
a Suzuki coupling for all four substances with compound Trz which was previously synthesized
in a Grignard reaction (see Scheme [6.1]).
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Scheme 6.1: Synthesis of triazine acceptor compound Trz via Grignard reaction.
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6.1 Synthesis and characterization
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Scheme 6.2: Reaction chart for compounds 345Trz, 234Trz, 236Trz and 245Trz. With a
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acid/ pinacol ester and as third step a Suzuki reaction to couple the donor and acceptor units.
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6.1 Synthesis and characterization

All compounds were purified by column chromatography and sublimation to result in yellow
powders. The purified compounds were characterized by "H-NMR, '3C-NMR and atmospheric
pressure chemical ionization (APCI) mass spectrometry (see Chapter [10.6] [10.7] [10.8] and [10.9]
for details). For the 'H-NMR a shift of the signals with the highest chemical shift at 8.6-9.2 ppm
which can be assigned to the hydrogen atoms (marked in red) from the central phenyl ring (see
fig. can be observed. For 345Trz one singlet is observed, since the two hydrogen atoms
are equivalent, for 234Trz and 236Trz two doublets are present, since the the two hydrogen

atoms are neighboring but not equivalent and for 245Trz two singlets are present due to the
different chemical environment of the two hydrogen atoms. The chemical shift for the ortho hy-
drogen atoms of the flouro-phenyl groups (marked in green, doublet of doublet) remains similar
for 236 Trz and 245Trz at 8.1 ppm, while for 345Trz the signal is shifted to 8.8 ppm and for
234Trz to 8.0 ppm. For the meta hydrogen atoms of the flouro-phenyl groups (marked in blue,
triplet) again 236Trz and 245Trz show a similar signal at 7.4 ppm, 345Trz shows a to 7.2 ppm
shifted signal and 234Trz shows the lowest chemical shift with 7.1 ppm.
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Figure 6.1: Aromatic region of 'H-NMR spectra of compounds 345Trz, 234Trz, 236Trz
and 245Trz (from top to bottom).
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6.2 Theoretical calculations

6.2 Theoretical calculations

For the above synthesized compounds DFT calculations have been performed to determine the
HOMO and LUMO levels, as well as the singlet and triplet levels and the energy gap between
them (AEgr). Furthermore, the HOMO levels have been measured by ultraviolet photoelectron
spectroscopy (UPS) in ambient atmosphere. In order to determine the LUMO levels, the opti-
cal band gap was subtracted from the experimental HOMO levels. The optical band gap was
determined using the Tauc plot|35] following Equations and [6.2]

he
EF=— 6.1
- (6.1)

With E the photon energy, h the Planck constant, ¢ the speed of light and A the wavelength of the
photon. If we now assume that the optical band gap corresponds to the lowest absorbed photon

energy, and therefore its wavelength (onset absorption) the following equation is obtained.

hc hc
band = — = 6.2
and gap A onset absorption (6:2)

All calculated and experimentally derived energy levels are displayed in Table[6.1] The calculated
singlet energies (S7) show similar values for 345Trz, 234Trz and 236Trz (2.68-2.69 eV). Only
245Trz indicates a little higher S; level (2.75 €V). The four compounds show some deviation in
terms of triplet energy (7%) . 345Trz shows the lowest and 245Trz the highest value (2.66 V)
across the series. The resulting AEgpr for 345Trz is with 0.17 eV by far the largest in the
investigated series, whereas 234Trz has a AEgr of only 0.07 eV. The high AEgr of 345Trz is
unfavorable for efficient TADF, which relies on a high reverse intersystem crossing rate (krrsc),
and decreases with increasing AEgr. The comparably low value of compound 234Trz is an
indicator for an efficient TADF emitter. For 236Trz and 245Trz the values are similar with
0.09 and 0.10 €V and within the usual range for TADF emitters|25].

Table 6.1: Determined energy levels for 345Trz, 234Trz, 236Trz and 245Trz.

compound 345Trz 234Trz 236Trz 245Trz
HOMO calc.® [eV] -5.45 546  -550  -547
HOMO exp. [eV] -590  -591 591  -5.92
LUMO cale.® [eV] 227  -2.26 232  -2.21
LUMO exp. [¢V] -3.03  -291  -297  -3.03
Sp cale.? [eV] 2.69 2.68 2.68 2.75
Ty calc.? [eV] 2.52 2.61 2.58 2.66

AEgr cale.®  [eV]  0.17 0.07 0.10 0.09
* Calculated based on a TD-DFT approach at a B3LYP/6-31G level.

The differences between the measured and calculated HOMO and LUMO values in Table [6.1]
arise from the fact that the latter are determined for vacuum conditions, while the experimental

values were determined under ambient conditions as explained above. The calculated HOMO
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6.2 Theoretical calculations

values are very similar across all four compounds, this applies also to the experimental values.
The only deviation can be observed for the LUMO of 245Trz which according to the calculations
has a higher LUMO than the other three compounds. Nevertheless, this deviation is not reflected
by the experimental values. In Figure [6.2] the HOMO and LUMO distribution is displayed. Here
it is noticeable that for compounds 345Trz and 245Trz the HOMO-LUMO overlap is smaller
than for 234Trz and 236Trz.

345Trz

LUMO

Figure 6.2: Calculated HOMO and LUMO distributions on optimized structures of 345Trz,
234Trz, 236Trz and 245Trz.
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6.3 Photophysical properties

For solid state investigations all four materials were spin-coated on quartz substrates
(20 x 10 mm), resulting in film thicknesses of around 100 nm (procedure is described in Chapter
. These films were used for recording UV-Vis absorption and photoluminescence (PL) spectra,
as well as for the determination of the photoluminescence quantum yield (PLQY). Additionally,
solutions samples were prepared using dry toluene as a solvent. In Figure absorption spectra
of the solid state samples (films) (ﬁg and dissolved samples (fig. are displayed. Small
differences between the solid state and solution spectra can be observed. The wavelength of
the lowest energy transition (LET) and the absorption maxima (Absy,.), as well as the used
concentrations are displayed in Table In both cases 345Trz shows a red-shifted lowest
energy transition compared to the three asymmetric compounds, although all four compounds
show a similar second absorption maximum. For 236Trz a difference between solution and film
measurement can be observed: the film measurement exhibits a shoulder after the maximum
at 338 nm, therefore the baseline is reached at a higher wavelength compared to the solution
measurement. Further a slight red-shift for the LET, as well as for the absorption maxima in the
film spectra compared to the solution spectra can be observed for all four compounds. Both of

these observations indicate the formation of J-type aggregates in the film samples|36][37].
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Figure 6.3: Absorption spectra of compounds 345Trz, 234Trz, 236Trz and 245Trz.

In Figure the emission spectra of the film (fig. and the solution samples (figl6.4D])
as well as pictures of the samples under UV-light (254 nm) (fig. and are displayed.
The spectra of the films show that the emission maxima (see Table of samples 345Trz
and 245Trz are very similar. The emission maxima of samples 234Trz and 236Trz are very
similar to each other too, but are red-shifted compared to 345Trz and 245Trz. This can also
be observed by eye since films of samples of 345Trz and 245Trz show a sky blue fluorescence
under UV irradiation, while films of samples of 234Trz and 236Trz appear to have a more

green fluorescence.
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Figure 6.4: Emission spectra of (a) spin-coated films and (b) 0.015 mg-mL~! solutions in
toluene of compounds 345Trz, 234Trz, 236Trz and 245Trz. Measured samples

show visible distinguishable emission under UV-light (¢ and d).

If the film PL spectra of 234Trz, 236Trz and 245Trz are compared to the corresponding so-
lution PL spectra, it can be observed, that for the films the emission maximum is red-shifted
by 6-7 nm. The reason for this red-shift can be J-type aggregation in the ﬁlms. The solu-
tion spectrum of sample 345Trz shows a by 24 nm blue-shifted maximum compared to the film
spectrum. This is caused by the appearance of a vibronic fine structure in the spectrum. For
245Trz, a slight formation of a fine structure can also be observed. The reason this phenomenon
is not observed for all four compounds is the larger Stokes shift of the green emitting materials,
for which a lower fine structure splitting is observed. Under UV-light the solutions show a com-
parable fluorescence to the films. Samples 345Trz and 245Trz show sky-blue and 234Trz and

236Trz show green fluorescence (see fig. [6.4d)).
The PLQY measurements of the film samples were carried out using an integrating sphere. The

obtained values are displayed in Table Although compounds 345Trz and 245Trz show
similar emission wavelength, they differ significantly in terms of their quantum yield, compound

345Trz shows a 9 % higher PLQY compared to 245Trz. The green fluorescent compounds
234Trz and 236Trz show a relatively high PLQY, up to 55 %.
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6.3 Photophysical properties

Table 6.2: Summary of photophysical properties of 345Trz, 234Trz, 236 Trz and 245Trz.

345Trz 234Trz 236Trz 245Trz
Film | Solution ‘ Film | Solution ‘ Film | Solution ‘ Film | Solution

Conc.® [mgL~Y 25 | 003/ 35 | 003/ 25 | 003/ 20 | 0.03/
0.015 0.015 0.015 0.015
LET [nm] 396 385 367 365 374 366 368 365
AbSmaz [nm] 337 334 336 333 338 334 338 335
Em, g, [nm)| 491 467 208 502 506 499 491 484
PLQY [%] 41 - 53 - 55 _ 32 :

® Film: concentration of toluene solutions used for spin-coating films with a thickness of round 100 nm on

quartz substrates. Solution: concentration of 0.03 mg-mL~" in toluene used for UV-Vis and concentration
of 0.015 mg-mL ™! used for PL measurements.

To investigate the TADF properties of the compounds time-resolved photoluminescence (TRPL)
spectra were recorded on pristine evaporated films (100 nm) of 345Trz, 234Trz and 245Trz on
quartz substrates (20 x 10 mm)(see fig. . Additionally, 345Trz and 245Trz spectra were
recorded as a function of temperature and laser power (see fig. and .
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(a) Power-dependent TRPL measurement of 245Trz. (b) Temperature-dependent TRPL measurement of
245Trz.

Figure 6.5: Temperature- and power-dependent TRPL measurements of 245Trz.

In Figure[6.5a] the power-dependent measurement of 245Trz is displayed and a power dependence
can be observed. The power dependence for the prompt emission indicates that a singlet-singlet
annihilation (SSA) processes takes place and the power dependence for the delayed emission
indicates that a triplet-triplet annihilation (TTA) processes takes place. Since the power depen-
dence is significantly lower for the prompt emission and higher for the delayed part the number
of TTA processes is much higher than for SSA processes. From the temperature dependent
measurements of 345Trz (see fig. |A.6b) and 245Trz (see fig. it can be observed that
for both compounds TADF processes are happening, since the intensity for the delayed part

decreases with decreasing temperature. Furthermore, the intensity at the long living regime
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6.3 Photophysical properties

(phosphorescence) increases with decreasing temperature which indicates a reduced RISC and
stronger phosphorescence. By fitting the prompt and delayed decay to two separate exponential
(either mono- or biexponential) decay curves (see fig. in Appendix), the prompt and delayed
fluorescence lifetimes were derived (see tab. [6.3). 345Trz, 234Trz and 245Trz show similar
prompt lifetimes with 15-18 ns. Regarding the delayed lifetime 345Trz and 245Trz show similar
values, while 234Trz shows a very short delayed lifetime of only 5 us.

Table 6.3: Prompt and delayed fluorescence lifetime of compounds 345Trz, 234Trz and
245Trz.

compound 345Trz 234Trz 245Trz

tprompt 18] 17 18 15
tdelayed [IU,S] 10 b} 9
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In order to determine the electronic properties, such as charge transport properties and trap
density of hole or electron traps, single-carrier devices (HO and EO) were fabricated. The exact
fabrication procedure can be found in Chapter The architectures of the HO and EO devices
is displayed in Figure [£.4]in Chapter [£.3] For a balanced emitter, electron and hole mobility and
trap density of electron and hole traps (with the same trap depth) would be in the same order of
magnitude. In a single-layer OLED with a balanced emitter holes and electrons recombine in the
center of the emitting layer. This has several advantages for a single-layer OLED architecture,
since no additional electron- and/or hole-transport layers would be required. In Figure the
measured current density is plotted against voltage for both EO and HO devices of the four
compounds. Here the data points represent the measured values, whereas the lines represent
fits obtained from drift-diffusion simulations employing the extended Gaussian disorder model

(further information about the model can be found in ref. [38]).
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devices of 345Trz, 234Trz, 236Trz and 245Trz. devices of 345Trz, 234Trz, 236Trz and 245Trz.

Figure 6.6: Experimental (dots) and fitted (lines) single-carrier device data of 345Trz,
234Trz, 236Trz and 245Trz.

The fitting of the single-carrier devices showed that there are only minor differences between
all four compounds in terms of charge transport (see tab. . The hole mobility p” is quite
similar for all four compounds, with 345Trz showing the lowest and 234Trz the highest value.
Regarding the electron mobility ;¢ 345Trz and 245Trz are showing significantly increased values
compared to 234Trz and 236Trz. The hole trap density P; again was similar, with only 236trz
showing an increased value. 345Trz, 234Trz and 236Trz are showing a similar electron trap
density N¢, whereas 245Trz shows an increased value. So for 245Trz the electron transport is
more trapped than the hole transport. For 345Trz and 236Trz the density of electron and hole
traps is balanced, while for 236Trz the the hole transport is is more trapped.
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6.4 Device characteristics

Table 6.4: Input and fitting results for the fitting of single-carrier devices of 345Trz, 234Trz,
236Trz and 245Trz with an EDGM model.

compound 345Trz 234Trz 236Trz 245Trz
HO thickness [nm] 100 140 85 140
hole mobility u" [m2.(Vs)~!]  6.4-107*  3.4.107% 1.6.1071% 1.6.1071°
zero field mobility holes u} [m2-(Vs)~1]  8.0-10% 1.1-10* 1.2-10% 3.0-10*
lattice constant holes ay, [nm)] 1.4 1.4 1.4 2.5
width of Gaussian DOS oy, [eV] 0.150 0.130 0.135 0.140
hole trap density Py [m~=3] 1.5-102 851022 1.0-102®  8.0-10?2
hole trap depth E, gauss [eV] 0.60 0.40 0.50 0.60
EO thickness [nm] 118 123 136 86
electron mobility u® [m2.(Vs)~!]  4.2.107° 13107 3.1.1071 2.8.107°
zero field mobility electrons p§  [m?-(Vs)™!  1.5.10? 1.0-103 1.0-103 1.0-10?
lattice constant electrons c [nm)] 1.3 1.2 1.3 1.1
width of Gaussian DOS o, [eV] 0.100 0.135 0.130 0.100
electron trap density N, [m~—3] 1.4-10%2 3.0-1022 1.0-10%2 1.1-10%
electron trap depth E, gquss [eV] 0.50 0.62 0.65 0.38

Furthermore, all the devices were modelled with a thickness scaling for the active layer of 140 nm
and these data sets are in shown in fig. For the electron-only devices with the same
thickness it can be observed that 234Trz and 236Trz show similar current densities at the same
voltage. By comparing them to the curve for 345Trz it can be observed that they have a similar
electron trap density but a lower electron mobility. 245Trz shows the highest current of all four

compounds.
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Figure 6.7: Modelled single-carrier device data of devices scaled to a thickness of 140 nm of
345Trz, 234Trz, 236Trz and 245Trz.

Regarding the hole-only devices the curves of 234Trz and 236Trz are again quite similar while
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6.4 Device characteristics

this time they are comparable to the curve of 245Trz which seems to have a similar hole trap
density but a higher hole mobility.

By comparing the hole with the electron current for each of the compounds it is possible to
determine how balanced the charge transport is for each compound. The comparisons for all
compounds are shown in fig. It can be observed that 345Trz is very balanced in terms of
charge transport. Closest to that is 245Trz for which hole and electron current are trending
towards each other for increasing voltage. For compounds 234Trz and 236Trz the opposite
trend can be observed, here electron and hole current are drifting apart from each other with
increasing voltage. For all three asymmetric compounds the hole current is higher than the
electron current. The reason for that is a combination of a higher electron trap density than hole

trap density and/or a higher hole mobility than electron mobility in the compound.
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Figure 6.8: Comparison of modelled HO (red) with modelled EO (grey) device data in order

to make differences in charge transport visible.
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6.5 Summary and conclusions

In order to investigate the effect of the position of the carbazole donor units on the photophysical
and charge transport properties of a carbazole-triazine donor-acceptor system, three asymmet-
ric and one symmetric compound have been designed, synthesized, investigated and compared.
Starting by the synthesis where a different synthetis route was necessary to derive the three
asymmetric compounds compared to the symmetric 345trz. DFT calculations of the HOMO
and LUMO levels showed that only minor differences between the compounds arise by changing
the arrangement of the donor building blocks. These minor differences have been confirmed by
experimental data. By comparing the calculated HOMO and LUMO, it can be seen that for
234Trz and 236Trz the HOMO-LUMO overlap is larger, than for 345Trz and 245Trz. Re-
garding the calculated singlet and triplet energy levels some deviations can be observed. 245Trz
shows a higher S7 level than found for the other three compounds. For the triplet levels the
numbers have a distribution from 2.52-2.66 eV. Interestingly the energy gap AEgr between S;
and T} is for the symmetric compound by far the highest and for 234Trz the lowest. 345Trz
shows a red-shifted lowest energy transition in UV-Vis, compared to the asymmetric compounds.
For the three asymmetric compounds the absorption spectra were similar. In terms of fluores-
cence, 234Trz and 236Trz show a green emission , while 345Trz and 245Trz appear to have
a sky-blue emission. Further, the two green-emitting compounds 234Trz and 236Trz show a
significantly increased PLQY with over 50% compared to 345Trz and 245Trz. TRPL showed
that the prompt fluorescence lifetimes are similar for 345Trz, 234Trz and 245Trz, whereas the
delayed lifetime of 234Trz is shortest for the three compounds. Considering the above, it seems
like 234 Trz shows a higer RISC rate and a higher PLQY than the other compounds, which in
theory makes it the most efficient emitter of the compared compounds. Regarding the charge
transport properties, only the symmetric 345Trz shows a balanced charge transport, whereas the
three asymmetric compounds show higher hole currents compared to electron currents. Overall,
234Trz and 236Trz have similar photophysical and charge transport properties while 345Trz
and 245Trz differ from that but show many similarities to each other. This is an indicator
that the arrangement of the carbazole units has an effect on various photophysical and charge

transport properties, whereby the symm