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Kurzfassung

Bei Bauteilen auf Basis von organischen Halbleitern, wie zum Beispiel organischen Leucht-
dioden (engl. organic light emitting diode, OLED) oder organischen Solarzellen, werden
hiufig elektrochemisch dotierte Transportschichten eingesetzt, wodurch die Betriebsspan-
nung verringert werden kann. Auch wenn sich damit heutzutage sehr effiziente Bauteile
realisieren lassen, fehlt eine umfassende Beschreibung der physikalischen Prozesse die
der elektrochemischen Dotierung zu Grunde liegen. Beispielsweise wurde fiir eine Viel-
zahl an Materialsystemen gezeigt, dass die Dotiereffizienz, d.h. das Verhiltnis von ein-
gebrachten Dotanten und der Anzahl der erzeugten freien Ladungstriger, oft nur wenige
Prozent betrégt. In der vorliegenden Arbeit wird als Modellsystem der organische Halb-
leiters CBP (4,4’-Bis(N-carbazolyl)-1,1’-biphenyl) dotiert mit dem Ubergangsmetalloxid
Molybdinoxid (MoOs3) verwendet, um der Frage nachzugehen, worin der Ursprung fiir
die geringe Dotiereffizienz liegt.

Eine mogliche Erklarung wire eine Agglomeration der Dotanten. Um Informationen
iber die strukturellen Eigenschaften der dotierten Filme zu erhalten, wurden verschiede-
ne Messmodi der Transmissionselektronenmikroskopie (TEM) eingesetzt. Mittels TEM-
Spektroskopie in zwei verschiedenen Energieregimen konnte nachgewiesen werden, dass
MoOg3 agglomeriert, wenn es mit CBP koverdampft wird. Elektronentomographie zeig-
te eine filamentartige Struktur der MoO3-Agglomerationen, bei der die Faden bevorzugt
senkrecht zum Substrat aufwachsen. Die Linge der Fiden kann dabei iiber die Substrat-
temperatur wihrend des Aufdampfprozesses kontrolliert werden.

Weiterhin konnte gezeigt werden, dass die Anisotropie beziiglich der Topologie auch mit
einer Anisotropie in den elektrischen Eigenschaften einhergeht. Zwei verschiedene Bau-
teilstrukturen wurden hergestellt, bei denen der Ladungstransport entlang und senkrecht
zu den Fiden untersucht werden konnte. Es zeigte sich, dass sowohl Leitfdahigkeit als auch
Aktivierungsenergie richtungsabhiingig sind.

Die Erkenntnisse iiber die Topologie der dotierten Filme, sowie ihre elektrischen Eigen-
schaften, wurden mit Messungen der elektronischen Struktur mittels Fourier-Transform-
Infrarotspektroskopie und Photoelektronenspektroskopie (PES) verkniipft. Auf der Basis
all dieser Ergebnisse wurde ein Modell entwickelt, das den Ladungstransport der dotier-
ten Schichten in Abhéngigkeit von der Dotierkonzentration beschreibt.

Neben den Untersuchungen zur p-Dotierung mittels Koverdampfung wurde im letzten
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Teil der Arbeit die n-Dotierung betrachtet. Dabei wurde der Dotant LiF als diinner Film
zwischen dem organischen Film und der Metallkathode aufgedampft. Die Bauteileigen-
schaften von OLEDs mit TPBi (1,3,5-tris (2-N-phenylbenzimidazolyl) benzene) als Elek-
tronenleiter und einer LiF-Zwischenschicht wurden in Abhédngigkeit des Aufdampfwin-
kels untersucht. Im Vergleich zu OLEDs die bei 0° oder 42° hergestellt wurden konnte fiir
OLED:s bei 72° keine Lichtleisung mehr detektiert werden und die IV-Charakteristik wies
darauf hin, dass die Ladungstrigerinjektion von einem der Kontakte unzureichend war.
Daher wurde der LiF/TPBi-Kontakt mittels PES untersucht und eine, im Vergleich zum
reinen TPBi, abnehmende Ferminiveauverschiebung in Richtung des TPBi LUMO (engl.
lowest unoccupied molecular orbital) mit groBBer werdendem Depositionswinkel gemes-
sen. Diese Beobachtung weist darauf hin, dass der Grad der n-Dotierung mit steigendem

Aufdampfwinkel abnimmt, was die Fehlfunktion der OLED erklédren kann.
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Abstract

Devices based on organic semiconductors, like organic light emitting diodes (OLEDs)
or organic solar cells, often comprise electrochemically doped charge transport layers,
which lower the operating voltage of these devices. Although very efficient devices
can be realized nowadays, a comprehensive description of the physical processes ta-
king place in electrochemically doped thin films is still missing. For instance, it was
shown for a variety of different material systems that the doping efficiency, defined as the
number of free charge carriers compared to the number of incorporated dopants, often
amounts to only a few per cent. In the present thesis, the organic semiconductor CBP
(4,4’ -Bis(N-carbazolyl)-1,1’-biphenyl), doped with the transition metal oxide molybde-
num oxide (MoQOs), is used as a model system to investigate the origin for this low doping
efficiency.

One explanation for the low doping efficiencies would be clustering of the dopants. To
gain information about the structure of the doped films, different measurement modes
of transmission electron microscopy (TEM) were applied. Using TEM spectroscopy in
two different energy regimes, it could be proven that MoO3 agglomerates, when it is
co-evaporated with CBP. Electron tomography revealed filamentous structures, with fila-
ments preferentially oriented perpendicular to the substrate. Furthermore, it was shown
that the length of the filaments can be controlled by the substrate temperature during film
deposition.

The structural anisotropy was found to correlate with an electrical anisotropy. Two dif-
ferent device structures were fabricated which allowed for measuring current transport
parallel and perpendicular to the filaments and conductivity as well as activation energy
were found to be direction-dependent.

The findings about the topology of doped films, as well as their electrical properties, were
correlated with measurements of the electronic properties, obtained by Fourier transform
infrared spectroscopy and photoelectron spectroscopy (PES). Based on all results, a model
was developed to describe charge transport in MoO3-doped CBP films as a function of the
doping concentration.

Beside the investigations about p-type doping of co-evaporated thin films, n-doping via
interface doping was considered in the last part of the present thesis. Here, the dopant

LiF was inserted as thin layer between organic film and the metal cathode. The device
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performance of OLEDs with TPBi (1,3,5-tris (2-N-phenylbenzimidazolyl) benzene) as
electron transport layer and a LiF interlayer was investigated as a function of evaporation
angle. Compared to OLEDs which were fabricated at 0° and 42° deposition angle, OLEDs
which were deposited at 72° did not emit light and IV characteristics which are typical
for single-carrier devices were found. Therefore, the LiF/TPBi interface was investigated
using PES. Compared to pristine TPBi, a decreasing Fermi level shift towards the TPBi
LUMO (lowest unoccupied molecular orbital) was found for increasing deposition angle.
This indicates weaker n-type doping for increasing deposition angle, which can explain

the failure of the device.
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1 Introduction

Since the discovery of electroluminescence in organic materials in 1955 by Bernanose!!,
enormous progress has been made in enhancing efficiencies for electric devices based on
organic semiconductors like organic light emitting diodes (OLEDs). The first OLED was
already realized by Helfrich et al. in 19652, As the antracen crystals used in this work
were several microns in thickness, operating voltages of several hundred volts were re-
quired. The breakthrough came with Tang and vanSlyke, who presented the first organic
light emitting thin film device based on organic small molecules deposited via thermal
evaporation in 1987!, The bilayer structure of diamine and Algs' had operating volt-
ages below 5 V, making the field of organic electronics also interesting for technical
applications. Since then, the efficiency increased continuously and products based on
organic semiconductors finally captured the market. Nowadays, for example cell phones
are equipped with OLED displays and also curved OLED TVs are already commercially
available.

Even though the semiconductor industry is still dominated by inorganic materials like
silicon or gallium arsenide, organic semiconductors have outstanding properties making
them superior to inorganics for specific applications. They can, for instance, be processed
via simple deposition techniques like thermal evaporation, spincoating or printing. Com-
pared to inorganics, no lattice matching of the used materials is required so that deposition
on almost any kind of substrate (e.g. glass or flexible plastic foils) is feasible. This offers
the possibility to fabricate bendable!*! as well as translucent electrical devices>®!. Since
an almost unlimited number of organic compounds is available and properties of these
materials can quite easily be changed, for instance by modifying or adding side groups!”!,
it is conceivable to provide tailored materials with all kinds of functionalities.

In the early days the performance of organic devices was quite limited since intrinsic

'Only the abbreviations commonly used for organic semiconductors are mentioned throughout the text.
The correct chemical formulae can be found in appendix A, where also the molecular structure for all
materials used for experiments in this work is depicted.
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2 1. Introduction

organic layers exhibit very low charge carrier densities as well as low mobilities. After
introducing the concept of electrochemical doping, as it is commonly used for inorganic
devices, the performance of organic components could be enhanced significantly. Effi-
cient state-of-the-art devices like small molecule organic solar cells, as well as organic
light emitting diodes, are often realized by employing p-i-n structures where an intrinsic
layer is sandwiched between n- and p-doped transport layers!!,

For electrochemical doping various concepts have been reported in literature. As first
demonstrated by Shirakawa in 1977 for Polyacetylene!!”, exposure to oxidizing gases
like iodine, oxygen or bromine can lead to an increase of conductivity due to p-type
doping!''='4!. Because for n-type doping materials with very high lying HOMO levels are
required, which are very unstable against oxygen, it is more difficult to find suitable mate-
rials'®!. One approach is the use of alkali metals like lithium or cesium. They are normally
deposited as a very thin film between the organic layer and the metal cathode!®!571 but
can also be co-evaporated with the organic host material!'®!. Since such small dopants
can easily diffuse through the device, problems regarding stability and processability can
occur 7191,

Therefore, another approach, which leads to better device stability!®!, is introducing or-
ganic molecular dopants, most commonly via co-evaporation with the organic host ma-
terial. Several molecular dopants have been successfully applied in the past. Molecules
used for n-type doping are, for example, TTN?°! or CoCp,?!!. For p-type doping, for
instance, DDQ, TCNQ!?? or F,-TCNQ were applied, with the latter being the most
prominent one. F,-TCNQ was shown to be a very efficient dopant for a various or-
ganic materials like 1-TNATA!?!, ZnPc?*, m-MTDATA>! or VOPc!?%!. Nonetheless,
it turned out that F,-TCNQ is quite inefficient for doping wide-band gap materials with
very deep lying HOMO levels like CBP, a-NPD or TCTA 231, This is probably due to the
fact that the HOMO levels of these materials are significantly higher than the LUMO of
F4-TCNQ (5.24 eV ?¥). Instead, transition metal oxides (TMOs) like WO 2”1, ReO3 %%,
or MoOj3 3% were found to be a suitable material class for efficient p-type doping of
materials because of their very deep lying LUMO levels.

The control of the doping process and other improvements like introducing new device
architectures and materials have led to very efficient organic devices. For example, white
OLEDs were recently reported to achieve over 100 Im/W at 1000 cd/m?B!. Nonethe-
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