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Editor’s preface

This book is the first in the Forum Organic Electronics Science Series, which is intended to highlight
and promote selected scientific achievements within the field of organic and printed electronics.

Forum Organic Electronics is a distinguished leading-edge cluster centered in the Rhine-Neckar
Metropolitan Region and combines the scientific excellence and economic strength of its academic
and corporate partners to grow the seeds of a new technology into a prosperous plastic
semiconductors industry in the German southwest. The partners’ network includes 3 DAX-noted and
7 internationally involved enterprises, 6 middle-sized businesses and 9 universities respectively
research institutions. These partners operate at complementary positions along the value chain
which ranges from the design and synthesis of novel materials, the research on next-generation
devices, the development of inexpensive processing technology and production systems -especially
printing technology- and finally the marketing of breakthrough applications and services.

As the vital strategy tool of the cluster, the leading partners have jointly founded InnovationLab
GmbH (iL), an application-oriented research and transfer platform of business and science with the
common goal of driving innovation.

We have selected the dissertation thesis of Dr.-Ing. Sami Hamwi for publication as the first edition of
the Forum Organic Electronics Science Series, as it is a representative piece of science generated
within the cluster network. Further, we identified Dr. Hamwi as a talented researcher at an early
career stage whose research work is inspired by genuine curiosity, fueled by strong dedication and
carried by his intellectual power and personal integrity. These values are reflected in the excellence
of his research and serve as key values to be pursued by other young researchers, which will follow.

In this book, Dr. Hamwi presents a conclusive study on the various effects of transition metal oxides
when applied to organic electronic devices. He starts with describing the physical properties of the
studied metal oxides and the interaction with or in organic thin films. Finally, he succeeded in
transferring ideas generated from fundamental research to new device concepts, such as stacked
organic light emitting diodes which can be used in next-generation lighting applications.

We would like to thank the author for his important contribution and we are confident that this work
will spur new and interesting ideas for the future.

Heidelberg, September 2010
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Prof. Dr. Wolfgang Kowalsky Bernhard Schweizer

Managing Directors, InnovationLab GmbH
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Kurzfassung

Organische Leuchtdioden (engl. organic light emitting diode, OLED) besitzen spezielle
Eigenschaften, die sie fiir den Einsatz in Displayanwendungen und Raumbeleuchtung prades-
tinieren. Sie konnen in extrem flacher Bauweise ausgefiihrt werden und besitzen eine weite
Abstrahlcharakteristik. Vor allem die Perspektive auf eine kostengiinstige Massenproduktion
fiir groftflachige Anwendungen treibt die Entwicklung der OLEDs massiv an. Entsprechend
konnten in den letzten Jahren erhebliche Fortschritte beziiglich Effizienz und Lebensdauer
der organischen Leuchtdioden erzielt werden. FKEine Aussicht auf eine positive Weiterent-
wicklung stellt der Einsatz von inorganischen Schichten aus Ubergangsmetalloxiden (engl.
transition metal oxide, TMO) dar wegen ihrer hohen thermischen Stabilitdt und technologi-
schen Kompatibilitit zu organischen Schichten. Erste Resultate deuten auf einen vielseiti-
gen Einsatz der TMOs als funktionelle Schichten wie auch elektrochemische Dotanden von
organischen Halbleitern hin. Gleichzeitig fehlen jedoch Kenntnisse iiber deren elektroni-
sche Eigenschaften sowie die genaue Wirkungsweise innerhalb organischer Leuchtdioden. Im
Zusammenhang damit wird deutlich, dass trotz der technologischen Fortschritte bei OLEDs,
grundlegende Fragestellungen wie der Mechanismus der elektrochemischen Dotierung orga-
nischer Halbleiter oder der Mechanismus von ladungserzeugenden Zwischenschichten (engl.
charge generation layer, CGL) in gestapelten OLEDs bisher nicht vollstandig geklart worden

sind.

Deshalb werden in dieser Arbeit die physikalischen und technologischen Zusammenhinge
beim Einsatz von Ubergangsmetalloxiden in OLEDs im Fokus stehen. Mittels Photoelek-
tronenspektroskopie und Kelvinsondenmessungen wird zunéchst die elektronische Struktur
ausgewahlter TMOs wie Molybdénoxid (MoO3) und Wolframoxid (WO3) ndher analysiert.
Es zeigt sich, dass es sich hierbei um intrinsisch n-dotierte Halbleiter handelt, die im Ver-
gleich zu organischen Halbleitern sehr tief liegende Energieniveaus fiir Locher- und Elektro-
nentransport besitzen. Basierend auf der Betrachtung der Grenzflichen zwischen TMOs und
benachbarter Schichten wird ein neuartiges Modell zur Erklarung der effizienten Locherin-
jektion durch den Einsatz diinner TMO Schichten aufgestellt.

Die elektrochemische Dotierung stellt einen wichtigen Ansatz zur Erhohung der Effizienzen
von OLEDs dar. Deshalb wird die Eignung von MoOj3 und Cs,COj3 (Césiumcarbonat) als p-

und n-Dotanden von organischen Halbleitern mit grofer Bandliicke untersucht. Vor allem

il
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die Bestimmung der dotierkonzentrationsabhéngigen Ladungstrégerdichte steht im Vorder-
grund. Hierzu werden Methoden eingesetzt, wie sie aus der Welt der anorganischen Halbleiter
bekannt sind, und miteinander verglichen. Neben Kapazitits-Spannungs-Messungen an
Metall-Isolator-Halbleiter Strukturen wird die direkte Ermittlung der Raumladungszone in
dotierten Schichten bei Angrenzung an metallischen Elektroden untersucht. Ein anndhernd
linearer Anstieg der Ladungstragerdichte mit der Dotierkonzentration wird als generelles
Resultat nachgewiesen. Gleichzeitig ergeben sich unerwartet niedrige Dotiereffizienzen von

durchschnittlich weniger als fiinf Prozent fiir MoOs.

Das vertikale Stapeln organischer Leuchtdioden iibereinander kann zur Erhéhung der Lebens-
dauer der Bauteile beitragen. Hierfiir wird das physikalische Verstédndnis der ladungserzeu-
genden Zwischenschichten erarbeitet. Neben der Angrenzung zweier komplementéar dotierter
Bereiche ein- und desselben ambipolaren organischen Halbleiters aneinander, wird vor allem
der Einsatz von TMOs in diesen CGLs untersucht. Der Mechanismus der Ladungstréagersepa-
ration wird mit der Ausbildung einer Raumladungszone in Verbindung gebracht. Aufierdem
zeigt sich, dass jeweils zwischen dem TMO und der angrenzenden lochtransportierenden

Schicht die Ladungstrigergeneration stattfindet.

Aus den gewonnenen Erkenntnissen im Laufe der Arbeit wird schlieflich die erste organische
p-i-n Homodiode verwirklicht, die als violette Leuchtdiode und ultraviolette Photodiode

betrieben werden kann.



Abstract

Organic light emitting diodes (OLEDs) exhibit several specific properties such as an ex-
tremely thin design and a wide viewing angle, making them favorable for the application
in display technology and general lighting. The development of OLEDs is strongly driven
by the prospect of low-cost production of large-area applications in the future. Accordingly,
their performance was considerably enhanced in terms of efficiency and lifetime over the
past years. The introduction of transition metal oxides (TMOs) in OLEDs is regarded as
a promising concept for further improving their properties due to their technological com-
patibility with organic layers and their high thermal stability. The first results from the
insertion of TMOs in OLEDs indicate their versatile application as neat functional layers
and electrochemical dopants of organic semiconductors. On the other hand, the knowledge
of their electronic properties and the mode of operation in OLEDs is very limited so far. In
this context, it becomes apparent that fundamental mechanisms such as the electrochemical
doping of organic semiconductors or the charge generation in interconnecting units of stacked

OLEDs are not yet completely clarified.

Thus, this work focuses on the physical and technological correlations arising from the appli-
cation of transition metal oxides in organic light emitting diodes. First, the electronic struc-
ture of molybdenum oxide (MoO3) and tungsten oxide (WOQO3) is analyzed by photoelectron
spectroscopy and Kelvin probe. It is demonstrated that both TMOs exhibit comparably
deep-lying energy levels. Moreover, their electronic structure indicates them as intrinsically
n-doped semiconductors. The functional principle of the efficient hole injection by neat lay-
ers of TMO is then studied by the examination of the interfaces between the TMO and its

adjacent layers. As a result, a new model of hole injection by thin TMO layers is developed.

The concept of electrochemical doping in OLEDs represents a very important technique to
improve their overall efficiency. For that reason, the suitability of MoO3 as p-type dopant
and CsyCOj3 (cesium carbonate) as n-type dopant of organic wide band gap semiconductors
is studied, respectively. First, the impact of electrochemical doping on the electrical, optical
and morphological properties is analyzed. The focus, however, is on the determination of the
doping concentration dependent charge carrier densities. Measurement techniques, known
from the world of inorganic semiconductors, such as capacitance-voltage measurements on

metal-insulator-semiconductor structures or the direct analysis of the space charge region
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in doped semiconductors at the metallic electrode are applied for the determination of the
densities and compared with each other. The study reveals an approximately linear increase
of the charge carrier density with higher doping concentrations as a general result. At the
same time, the doping efficiency of MoOj is unexpectedly low and under five percent on

average.

The stacking of several light emitting units on top of each other is known to increase the
lifetime of organic devices. Therefore, it is important to reveal the functional principle of the
charge generation layers (CGL) as the interconnecting units of the stacked OLEDs. Besides
the analysis of a complementarily doped homojunction-CGL, the role of neat layers of TMO
in CGLs is investigated. The mechanism of charge generation between doped layers is
explained by the formation of a space charge region. On the other hand, it is demonstrated
that the actual charge generation in interconnecting units using transition metal oxides

occurs at the interface between the TMO and the adjacent hole transporting layer.

Finally, the investigations of the physical aspects in this work allowed for the realization
of the first organic p-i-n homojunction device which operates both as violet light emitting
diode and visible blind photodiode.
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1 Introduction

Organic light emitting diodes (OLEDs) have attracted much interest in research and devel-
opment in the last two decades because of their potential use in displays as self-emitting
pixels or backlight solution. They are very thin and therefore lightweight, exhibit low power
consumption and can be deposited on different substrates and backplanes allowing for the
use in mobile applications. They permit completely new areas of application, not only for
displays but also for the field of general lighting, if they are combined with transparent
electronics or flexible substrates. This opens up a variety of new design possibilities partic-
ularly in ambient lighting. That is why, OLEDs are considered to be the next generation
of solid-state lighting, displacing current technologies and shaping the world and its future

appearance.

1.1 Organic Light Emitting Diodes

The research on light emitting organic semiconductors goes back to Pope et al. who first
demonstrated the light emission of anthracene crystals [1|. However, high operating volt-
ages were needed for sufficiently high luminance values so that low efficiencies were the
consequence. After the development of a novel concept of OLEDs by Tang and VanSlyke a
quarter of century later, efficiencies around 1 % were obtained, arousing the interest on the
part of display and lighting companies |2]. The revolutionary breakthrough was realized by
the introduction of an organic heterostructure allowing for separate transport of holes and
electrons into the device. To this day, conventional OLEDs are based on this basic concept
comprising at least an organic hole transport layer (HTL) deposited on indium tin oxide
(ITO) as the transparent bottom anode, an organic electron transport layer (ETL) and an
opaque metallic cathode on top. An additional organic emission layer (EML) is usually
sandwiched between the charge transport materials containing dye molecules which allow
for light emission in the visible region. In operation, holes and electrons are injected into
the device, recombine within the EML and form excitons whose radiative decay leads to the
light generation and emission through the ITO coated transparent substrate as schematically
shown in Figure 1.1a. In the mean time, further concepts have been established such as the

insertion of additional organic layers as exciton and charge carrier blockers localizing the



