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Kurzfassung

Organische Leuchtdioden (engl. organic light emitting diode, OLED) besitzen spezielle
Eigenschaften, die sie für den Einsatz in Displayanwendungen und Raumbeleuchtung prädes-
tinieren. Sie können in extrem flacher Bauweise ausgeführt werden und besitzen eine weite
Abstrahlcharakteristik. Vor allem die Perspektive auf eine kostengünstige Massenproduktion
für großflächige Anwendungen treibt die Entwicklung der OLEDs massiv an. Entsprechend
konnten in den letzten Jahren erhebliche Fortschritte bezüglich Effizienz und Lebensdauer
der organischen Leuchtdioden erzielt werden. Eine Aussicht auf eine positive Weiterent-
wicklung stellt der Einsatz von inorganischen Schichten aus Übergangsmetalloxiden (engl.
transition metal oxide, TMO) dar wegen ihrer hohen thermischen Stabilität und technologi-
schen Kompatibilität 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 über 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 vollständig geklärt worden
sind.

Deshalb werden in dieser Arbeit die physikalischen und technologischen Zusammenhänge
beim Einsatz von Übergangsmetalloxiden in OLEDs im Fokus stehen. Mittels Photoelek-
tronenspektroskopie und Kelvinsondenmessungen wird zunächst die elektronische Struktur
ausgewählter TMOs wie Molybdänoxid (MoO3) und Wolframoxid (WO3) näher 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 für Löcher- und Elektro-
nentransport besitzen. Basierend auf der Betrachtung der Grenzflächen zwischen TMOs und
benachbarter Schichten wird ein neuartiges Modell zur Erklärung der effizienten Löcherin-
jektion durch den Einsatz dünner TMO Schichten aufgestellt.

Die elektrochemische Dotierung stellt einen wichtigen Ansatz zur Erhöhung der Effizienzen
von OLEDs dar. Deshalb wird die Eignung von MoO3 und Cs2CO3 (Cäsiumcarbonat) als p-
und n-Dotanden von organischen Halbleitern mit großer Bandlücke untersucht. Vor allem
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die Bestimmung der dotierkonzentrationsabhängigen Ladungsträgerdichte steht im Vorder-
grund. Hierzu werden Methoden eingesetzt, wie sie aus der Welt der anorganischen Halbleiter
bekannt sind, und miteinander verglichen. Neben Kapazitäts-Spannungs-Messungen an
Metall-Isolator-Halbleiter Strukturen wird die direkte Ermittlung der Raumladungszone in
dotierten Schichten bei Angrenzung an metallischen Elektroden untersucht. Ein annähernd
linearer Anstieg der Ladungsträgerdichte mit der Dotierkonzentration wird als generelles
Resultat nachgewiesen. Gleichzeitig ergeben sich unerwartet niedrige Dotiereffizienzen von
durchschnittlich weniger als fünf Prozent für MoO3.

Das vertikale Stapeln organischer Leuchtdioden übereinander kann zur Erhöhung der Lebens-
dauer der Bauteile beitragen. Hierfür wird das physikalische Verständnis der ladungserzeu-
genden Zwischenschichten erarbeitet. Neben der Angrenzung zweier komplementär dotierter
Bereiche ein- und desselben ambipolaren organischen Halbleiters aneinander, wird vor allem
der Einsatz von TMOs in diesen CGLs untersucht. Der Mechanismus der Ladungsträgersepa-
ration wird mit der Ausbildung einer Raumladungszone in Verbindung gebracht. Außerdem
zeigt sich, dass jeweils zwischen dem TMO und der angrenzenden lochtransportierenden
Schicht die Ladungsträgergeneration stattfindet.

Aus den gewonnenen Erkenntnissen im Laufe der Arbeit wird schließlich 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 (WO3) 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 Cs2CO3 (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 MoO3 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
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2 1 Introduction
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Figure 1.1: Scheme and working principle of a conventional bottom-emitting (a) single OLED
structure and (b) twofold stacked OLED structure with charge generation layer.

emission zone and preventing exciton quenching effects as well as charge carrier imbalance.
Particularly, the introduction of phosphorescent emitters led to highly efficient OLEDs with
low operating voltages and efficiencies up to 130 lm/W [3,4], underlining their potential use
in future display and lighting applications.

However, OLEDs are still lacking long operating lifetimes. One possibility to increase their
lifetime, using present organic materials and devices, is to stack a number of OLEDs on
top of each other, in order to reduce the current through the light emitting units, while
still achieving a given luminance level. This approach is supported by the fact that organic
semiconductors provide a large Stokes shift and therefore cause only low intrinsic absorption
losses. Moreover, considerations in respect to epitaxial lattice matching as known for inor-
ganic semiconductors do not exist for organic devices. This reduces the cost and complexity
of stacking several light emitting units. One has to distinguish between two concepts of stack-
ing. On the one hand, the sub-OLEDs can be separated by a combination of thin transparent
electrodes and insulators in order to drive the light emitting units individually. This concept
not only allows for longer lifetimes but also for a tunable color emission [5]. On the other
hand, the whole stacked device can be driven by only one voltage source when specific charge
generation layers are inserted between the light emitting units [6]. Figure 1.1b exemplarily
shows the schematic and working principle for a twofold stacked OLED according to the
second concept.
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1.2 Transition Metal Oxides

Transition metal oxides (TMOs) are well known for their fascinating magnetic and electronic
properties. For instance, Manganites are found to possess extremely large magnetoresistance
and the discovery of high temperature superconductivity in Cuprates in 1986 aroused new
scientific interest in TMOs [7,8]. Though the most important transition metals according to
these properties are the eight elements with the atomic numbers from 22 to 29, all elements
with an incomplete d shell in the periodic table are considered as transition elements. The
outer d electrons are thereby responsible for their influence on the metal-oxygen bonding
varying from nearly ionic to metallic [7]. In particular, the multitude of preparation tech-
niques and possibilities for the combination of transition metals with other elements of the
periodic table leads to a very large quantity of chemical compounds which is comparable to
the diversity of organic materials.

Binary transition metal oxides like MoO3 and WO3 gained additional attention due to their
specific optical properties. Their light absorbing properties change by irradiation or ap-
plication of an electric field which is known as photochromism and electrochromism, re-
spectively [9, 10]. That is why intensive research onto these materials aroused in the early
nineteen-sixties which led to the first thin film deposition experiments of TMOs in ultra high
vacuum (UHV) systems. Similar to organic small molecules they can be thermally evapo-
rated and can form smooth amorphous films. Moreover, they exhibit high transparencies
despite their photochromism. For this reason, TMOs show a high level of technological com-
patibility with organic materials which led to several combinations in organic devices such
as light emitting diodes and solar cells. For example, they are used as buffer layers on top
of organic materials, protecting them against the highly energetic particles emerging during
the sputter deposition process of transparent conductive oxides [11, 12]. Additionally, they
form semitransparent electrodes in multilayer oxide structures [13, 14] and can be used for
efficient hole injection either as neat layers or as p-type dopants of organic charge transport
materials [15–18]. Finally, thin layers of TMOs have been used as interconnecting units
in stacked OLEDs [19, 20]. In any case, they appear to match the electronic properties of
organic materials. However, the origin of these properties particularly after their thermal
evaporation in UHV is unclear and needs further investigation.

1.3 Goals and Outline

This work deals with the introduction of TMOs in OLEDs as promising inorganic materials,
allowing for the effective implementation of device concepts such as hole injection, p-type
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doping and electric field-assisted charge generation between stacked OLEDs. The focus of
the study is on the physical understanding of the TMOs and their impact on the OLED.

Therefore, Chapter 2 starts with the description of the fundamental physics of organic semi-
conductors and the basics of OLEDs. In Chapter 3, the most important device preparation
techniques and analytical methods used in this work are summarized.

Since the electronic properties of the TMOs are the center and pivotal point of this study,
Chapter 4 starts with the results of photoelectron spectroscopy and Kelvin probe analysis
on thin films of MoO3 and WO3, providing their energy levels and electronic structure. That
enables the set up of a new model for hole injection by TMOs, supported by the electronic
investigation of the interface dipoles between the participating layers. Additional properties
of neat TMO films such as electron blocking and luminescence quenching are discussed at
the end of this chapter.

Chapter 5 demonstrates the electrochemical doping of organic semiconductors by MoO3 and
Cs2CO3. First, the impact of p- and n-type doping on the organic ambipolar material CBP is
studied by several analytical methods, referring to its electronic, electrical, morphological and
optical properties. Then, the determination of the doping-induced charge carrier densities
is demonstrated mainly by two measuring techniques, including the Kelvin probe analysis
of the thickness-dependent work function characteristics of doped organic semiconductors
deposited on ITO, and capacitance-voltage measurements on metal-insulator-semiconductor
structures. It is shown that a linear increase of charge carrier densities occurs with higher
doping concentrations and that a low doping efficiency of MoO3 as p-type dopant is existent.
The chapter closes with a discussion of the doping efficiency, giving specific and general
reasons for this result.

Chapter 6 is dedicated to the charge generation mechanism in interconnecting units be-
tween stacked OLEDs. A physical model of the charge generation at doped p-n homojunc-
tions based on CBP is derived by the measurement of thickness-dependent onset voltages
of charge injection and charge separation in a specific device structure. In the second part
of this chapter, the role of neat TMO films in the interconnecting units is clarified by the
measurement of angular-resolved emission characteristics of stacked OLEDs and the analysis
of the interfaces between the TMO and its adjacent organic layers. As a result, the actual
charge generation is attributed to the interface between the TMO and its neighboring hole
transport layer.

Considering the results of Chapter 5 and 6 in respect to the p- and n-type doping of the
ambipolar semiconductor CBP, a novel p-i-n homojunction device is presented in Chapter 7
which can be operated both as a light emitting device and a photodiode. Electro-optical
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characteristics are demonstrated such as the superlinear increase of the photocurrent with
higher optical power densities and the violet light emission. Despite the low external quantum
efficiency as a light emitting device, the p-i-n homojunction diode is considered to offer new
insights into the physical mechanisms of organic semiconductors.



2 Fundamentals of Organic Devices

Organic materials based on conjugated carbon rings can comprise both electrical conductiv-
ity and the ability to emit light after optical or electrical excitation. These properties come
from their electronic structure which can be explained by considering the organic molecules
in aggregated solid-state phase. In the following, the physical fundamentals of organic semi-
conductors and their implications for the functionality of organic light emitting diodes will
be reviewed.

2.1 Small Molecules with Conjugated π-Systems

Organic semiconductors are based on aromatic compounds of carbon atoms. Normally, a
carbon atom exhibits four valence electrons in such an electronic configuration that two of
them are in the 2s state and the other two are in the energetically higher-lying 2p states
as indicated by Figure 2.1a. Since these valence orbitals are energetically close to each
other, bond hybridization can easily occur in order to minimize carbon bond energies. An
sp2 hybridization takes place in aromatic compounds with hexagonal carbon systems as
schematically shown in Figure 2.1b. Three valence electrons occupy the sp2 orbitals taking
an angle of 120° to each other and lying in-plane. The remaining fourth valence electron
of the carbon atom occupies the pz orbital which is orthogonal to the plane of the sp2

hybrid orbital. Consequently, the carbon atoms are covalently linked in hexagonal rings by
the exchange of sp2 hybrid electrons leading to strong and highly localized σ bonds, while
the electrons in the pz state only overlap with the other pz orbital and form additional
conjugated π-bonds. Due to their low binding energy, the π-electrons are delocalized within
the hexagonal carbon system and form the extended π-electron system which is responsible
for the intramolecular electrical conductivity. The hexagonal carbon system is illustrated in
Figure 2.1c. The superposition of the pz orbitals results in the splitting of pz states into
binding π-states and anti-binding π*-states. The highest occupied π-state of a molecule is
denoted as highest occupied molecular orbital (HOMO) and the lowest π*-state is specified
as the lowest unoccupied molecular orbital (LUMO).

While these considerations apply for single isolated organic molecules, the situation changes
by condensation to aggregated solid-state phase. Thereby, one has to distinguish between

6
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Figure 2.1: Schematic orbital model of (a) an unhybridized carbon atom, (b) a carbon
atom hybridized into the sp2 configuration, (c) a hexagonal carbon system. (d) Schematic
electronic structures of the corresponding orbital models.

small low molecular weight molecules which can be thermally evaporated and long-chain
polymers usually deposited by spin coating or ink-jet printing techniques. The main focus
of this work is the examination of small molecules, though most of the basic principles
also apply for polymers. Due to their closed shell, the organic molecules are only weakly
bound to each other by van-der-Waals forces. As a consequence, interactions between π-
electrons of neighboring molecules are rather low due to the small overlap of their electronic
wave functions. Accordingly, the intermolecular electrical conductivity is low and directly
associated with a physical transfer of charge carriers from one molecule to the next, leading
to ionization effects and resulting in a strong electronic polarization of the neighboring
molecules. Depending on the time scale regarding the lifetime of the excited molecule,
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intramolecular and lattice relaxation add on, leading to geometrical reorganization of directly
neighboring and further surrounding molecules in respect to the ionized one. All these effects
have an influence on the potential energy of the charge carriers. The electronic polarization,
thereby, amounts to 1-1.5 eV, contributing by far the most to the shift of HOMO and
LUMO levels towards and against the vacuum level (VL, Evac), respectively [21]. Therefore
charge carrier transport can be described in terms of polaron transport on HOMO* and
LUMO* with a transport gap Et which is smaller than the energetic gap between HOMO
and LUMO of an isolated molecule. Still, according to the common use in literature, theses
transport levels will be denoted as HOMO and LUMO levels, since no further reference to
organic molecules in the gas phase will be done in the following. Figure 2.1d summarizes
the derivation of the transport levels discussed in this section.

2.2 Organic Semiconductors

In the following, the fundamental properties of semiconduction and light emission of or-
ganic materials will be explained, including the discription of the charge transport, charge
injection, and formation of excitons and the characterization of the energetics at their inter-
faces. Additionally, the method of electrochemical doping of organic semiconductors will be
presented.

2.2.1 Charge Transport

As seen in the former section the charge carriers are strongly localized on single organic
molecules due to only weak van-der-Waals forces and a small overlap of the electronic wave
functions between the molecular orbitals. Accordingly, their transport levels are narrowed
to some 10 meV unlike inorganic semiconductors in which their crystalline structure leads
to delocalized charge carriers and energetically broadened conduction and valence bands.
The charge carrier transport in organic materials is regarded as a sequence of reduction
and oxidation processes between adjacent molecules and can be described by the hopping
model [22] which is illustrated in Figure 2.2. The redox process is associated with the
formation of cations and anions accompanied by strong polarization and lattice relaxation
effects. However, local disorder in amorphous organic materials induces energetic disorder
due to a variation of polarization intensities within the bulk material. This effect leads to
energetically broadened transport states which are usually modeled as Gaussian distributions
[22]. The tail states of the HOMO and LUMO levels are considered to extend into the
band gap of the semiconductor and influence the charge carrier mobilities. Charge carriers
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occupying these trapping sites exhibit a lower hopping probability to overcome the potential
barrier to the adjacent molecule. Corresponding to the energetic height of the potential
barrier, they need an activation energy ΔW which may be provided by the thermal energy
kT . The dependence of the mobility on the temperature T and activation energy is given
by

μ(T, ΔW ) = μ0 exp

(
−ΔW

kT

)
. (2.1)

The hopping of charge carriers between adjacent transport sites occurs randomly and without
a preferential direction for charge transfer unless an external electric field F is applied.
According to the Frenkel effect the presence of a strong electric field causes the effective
depth of a trap to be reduced in one preferential direction [23], which is also illustrated in
Figure 2.2. Thus, the charge carrier mobility is field-dependent and has been found to obey

μ(E) = μ0 exp

(
β
√

F

kT

)
, (2.2)

with β as the field activation coefficient.

For the description of the general current density versus voltage characteristics (I-V) within

LUMO

HOMO

qFa

a

molecules

F

Figure 2.2: Schematic show-
ing thermally activated hopping
transport of an electron between
Gaussian distributed states of
adjacent molecules (with a dis-
tance a) assisted by the applica-
tion of an electric field F.
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unipolar organic devices, three different regions have to be distinguished, depending on the
intensity of the external field and the intrinsic properties of the organic semiconductor in
respect to the trap state distribution. At low electric fields the intrinsic charge carrier density
dominates compared to the small amount of injected charge carriers. In this case, an Ohmic
conduction takes place, which can be expressed by

J = qμn0

V

d
, (2.3)

where q is the elementary charge, n0 the intrinsic charge carrier density, V the applied
voltage and d the layer thickness. Note that the applied voltage is reduced by the built-in
voltage Vbi within real devices which arises from the use of electrodes with different work
functions. Here, it is assumed that Vbi is negligible due to the use of contacts with the same
work function. Since organic semiconductors usually exhibit a wide band gap in the range of
2-3 eV, the thermally generated and therefore intrinsic charge density is usually negligible.
Thus, at an already low transition voltage VΩ the injected charge carrier density prevails
irrespective of injection limitations due to the contact which would only shift the whole
current density characteristics to higher voltages. In this regime, the current flow increases
rapidly since the quasi-Fermi level moves upwards and indicates the filling of the deep-
lying trap states. A higher hopping probability is the result which, together with a higher
charge carrier density, leads to the superlinear increase of the current with higher voltages
as expressed by the power-law J ∝ V m+1. The parameter m contains information about the
energetic trap distribution and is inversely proportional to the operating temperature [24].

lo
g

J

log V V� VTFL

J ~ V

J ~ Vm+1

J ~ V2

Figure 2.3: Schematic plot of current den-
sity versus voltage characteristics exhibit-
ing the Ohmic, trap charge limited and
space charge limited region for a single
carrier transport.
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Therefore, this part of the current versus voltage characteristics is denoted as trap charge
limited region, ending at the transition voltage VTFL where all traps are filled (trap filled
limit, TFL). Since the charge mobility of organic materials is low and usually on the order of
10−3 - 10−7 cm2/Vs, the injected charge carriers can not drift away sufficiently fast from the
injecting contact and form a space charge region screening the electric field at the contact.
Accordingly, a space charge limited current (SCLC) appears at high voltages according to
the Mott-Gurney law

J =
9

8
ε0εrμ

V 2

d3
, (2.4)

assuming ideal contacts, no further trap limitation and neglecting any contributions of diffu-
sion current by solving the Poisson-equation. The parameters ε0 and εr denote the dielectric
constant and the permittivity of the organic semiconductor, respectively. Figure 2.3 shows
the typical characteristics of the current density versus voltage exhibiting the three differ-
ent regions of current flow and indicating the transition voltages. These characteristics have
been roughly demonstrated in several organic materials like Alq3 (see Appendix for constitu-
tional formula) [25]. However, special attention should be paid to the SCL current, since the
quadratic field dependence of the current density is superimposed by the field dependence
of the mobility as derived by the Frenkel effect. Accordingly, a more precise description of
the SCLC is given by the modified Mott-Gurney law

J =
9

8
ε0εrμ0

∗
V 2

d3
exp

(
0.89β

√
V

d

)
, (2.5)

where μ0
∗ denotes the zero-field mobility [23].

2.2.2 Energetics of Interfaces and Charge Injection

The process of charge injection from metallic electrodes into organic semiconductors plays
an important role, if ideal contacts no longer exist, as assumed in the previous section for
reasons of simplicity. The current density becomes injection-limited and depends on the
potential barrier for charge carriers. According to the Schottky-Mott limit, the vacuum level
of the organic semiconductor would align with that of the metal at the interface [26], leading
to a simple calculation of the electron barrier φB,e and hole barrier φB,h given by

φB,e = φM − EA, φB,h = IE − φM , (2.6)
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where φM is the metal work function. The electron affinity EA and ionization energy IE

represent the potential energies of the LUMO and HOMO levels of the organic semiconductor,
respectively. However, deviations from the Schottky-Mott limit are often observed at the
metal-organic interfaces, causing an interface dipole Δ which modifies the charge injection
barriers, depending on its orientation and energetic magnitude. For instance, the reduction
of the electron barrier by the dipole would concomitantly mean the increase of the hole
barrier according to

φB,e = φM − EA − Δ, φB,h = IE − φM + Δ. (2.7)

Several factors can lead to an interface dipole. The formation of novel chemical bonds or
organometallic complexes at the interface is known as chemisorption [27]. The resulting
direction of the dipole depends on the case of the specific chemical interaction at the in-
terface [28]. The ”pillow” or ”cushion” effect describes the Coulomb repulsion between the
electron density of the deposited molecule and the surface metal electrons, leading to a sup-
pression of the tail of electron wave function into the vacuum. Accordingly, the push back
of the electrons into the metal reduces its work function [29–31]. Similarly, the tailing of the
metal electron wave function into the organic semiconductor induces a density of interface
states in the organic semiconductor to which a charge neutrality level (ECNL, CNL) is at-
tributed [32,33]. Only if the Fermi level of the metal EF is above or below the ECNL, a net
charge transfer in the interface states occurs, causing again an interface dipole. Therefore,
the electron injection barrier φB,e as an example is more generally given by

φB,e = S(φM − EA) + (1 − S)ECNL, (2.8)

where S represents the slope parameter, depending on the density of interface states, the
effective metal-semiconductor distance, and the permittivity of the semiconductor. The slope
parameter ranges from S = 0, by which the injection barrier does not dependent on the metal
work function, to S = 1 as the Schottky-Mott limit. Note, however, that even in the latter
case a charge transfer at the interface occurs when the metal work function is smaller than
EA or larger than IE. Finally, the orientation of the dipole moment of polar organic materials
on the metal surface can lead to a large interface dipole [28,31,32]. Figure 2.4 schematically
shows the electronic structure of a typical metal-semiconductor interface. Due to their closed
shell only weak interactions between the molecules occur at organic-organic heterointerfaces,
causing comparably small, up to negligible interface dipoles [33].

The height of the injection barrier φB at the metal-semiconductor interface and the mag-
nitude of the applied electric field F determine the nature of charge injection. There are
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mainly two injection mechanisms distinguished from each other. The thermionic injection
based on the Richardson-Schottky (RS) relation is derived from the emission of electrons
from a glowing cathode into the vacuum and is extended by the consideration of the image-
force lowering of the energy barrier. Due to the attraction between the injected electron and
the induced positive charge on the metal surface, the potential energy of the charge carrier
is lowered, leading to a smaller effective energy barrier. Accordingly, the injection current is
given by

JRS = A∗T 2 exp

[
−φB −

√
q3F/4πε0εr

kT

]
, (2.9)

where A∗ denotes the Richardson constant A∗ = 4πqm∗k2/h3, m∗ represents the effective
mass of electrons, and k and h are the Boltzmann constant and the Planck constant, respec-
tively [34]. The model of thermionic injection usually applies for small injection barriers and
low electric fields and has to be further modified in the case of charge carrier diffusion back
to the electrode due to low mobilities in the semiconductor.

In the case of higher injection barriers and comparably low temperatures, tunneling of charge
carriers as a temperature-independent process is considered as the main injection mechanism
which is described by the Fowler-Nordheim (FN) equation. Based on the assumption of a
triangular injection barrier, the current injection is given by [34]
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Figure 2.4: Schematic of the
electronic structure of a typical
metal-organic semiconductor in-
terface [29].
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JFN =
q2F 2

8πhφB

exp

[
−8π

√
2m∗φ

3/2

B

3hqF

]
. (2.10)

It becomes clear that both RS-emission and FN-tunneling are derived from the world of
inorganic semiconductors and only partially applies for organic semiconductors due to their
energetically and locally disordered structure. Additional models, considering the injection
into the Gaussian-distributed states and the hopping transport, are developed for a more
precise description of the process at a microscopic level [35].

2.2.3 Doping Approach

The establishment of controllable doping of inorganic semiconductors led to the breakthrough
of modern electronics. The doping mechanism is based on the insertion of dopant atoms
considered as impurities into the semiconductor. They exhibit a differing number of valence
electrons than the crystalline matrix. By partially substituting the crystal atoms, excessive
electrons are generated in the case of negative doping (n-type) by donors. Excessive holes,
corresponding to defect states of the periodic bonding structure, are induced by positive
doping (p-type) with acceptors. Accordingly, a small binding energy refers to these charge
carriers leading to comparably high free carrier densities already at room temperature. The
field of organic electronic devices also benefited considerably from the discovery in 1977 that
the conductivity of polyacetylene can be enhanced over many orders of magnitude by p-type
doping [36]. This is all the more important for organic semiconductors due to their low
charge carrier mobilities and densities. The doping-induced charge carrier densities cause
higher conductivities and modify the electronic interfaces of electrodes. Accordingly, a space
charge formation occurs due to the Fermi level alignment between the doped layer and
electrode and is considered to enhance charge carrier injection via tunneling through the
thin depletion layer [37,38]. As will be demonstrated in the following sections, not only the
charge carrier density but also the mobility increases upon doping, mainly provided by the
Fermi level shift toward the transport level where higher concentrations of free states reside
according to the Gaussian distribution of their density.

The principle of doping completely differs from that of inorganic semiconductors due to the
lack of crystalline structures in organic materials. The insertion of dopants occurs inter-
stitially into the amorphous layers rather than a substitution of host molecules. Referring
to the p-type doping, an electron from the HOMO level of the host molecule is transferred
to the LUMO level or conduction band of the organic or inorganic acceptor, respectively,
leaving a hole in the organic semiconductor. This mechanism can be considered as redox
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reaction and is therefore often denoted as electrochemical doping. Due to Coulomb attrac-
tion between the generated ions, charge transfer complexes are formed in the first step which
may dissociate leading to a free hole, hopping through the bulk material. The effectiveness
of the formation of charge transfer complexes depends on the energy level situation between
host and acceptor and is supposed to be high for a HOMO level lying energetically above
the electron transport level of the dopant in case of p-type doping [39].

Besides the electronic structure of the materials, technological aspects have to be taken into
account. Depending on the nature of the organic host molecule and the deposition technique,
various concepts for p-type doping were developed such as the exposure to oxidizing gases
like iodine and bromine [40, 41] and the employment of Lewis acids like FeCl3 [42, 43]. Due
to the small dimensions of these molecules, they tend to diffuse within the doped layers lead-
ing to instabilities of organic devices [44]. Thus, aromatic molecules like DDQ, TCNQ and
F4-TCNQ were increasingly employed for p-type doping [45–47]. However, even the strong
oxidizing acceptor molecule F4-TCNQ has been demonstrated to diffuse at room tempera-
ture [38]. Additionally, its low glass-transition temperature along with its evaporation tem-
perature around 90°C in-vacuo are detrimental for device preparation and operation [17,48].
Therefore, transition metal oxides such as MoO3 and WO3 will be studied in this work as
novel p-type dopants of organic semiconductors.

In the case of n-type doping via organic donors, the HOMO level of the dopant should
be energetically above the LUMO level of the organic host material for efficient doping.
Organometallic complexes such as CoCp2 or CoCp∗

2 with an IE of 4 and 3.3 eV, respectively,
as well as low work function reduced metal complexes like [Ru(terpy)2]0 have been employed
for n-type doping [49–51]. However, only organic semiconductors with a comparably deep-
lying LUMO level around 3 eV such as ZnPc and Pentacen could be successfully doped by
these organic donors [50, 52]. On the other hand, the n-type doping of organic materials
by alkali metals seems to be independent on the LUMO level due to their rather low work
function. For instance, common organic electron transport layers such as Alq3 or BPhen
have been successfully n-type doped by Li, despite their low EA around 2-2.4 eV [49,53,54].
Accordingly, improved I-V characteristics along with higher conductivities and a Fermi level
shift toward the electron transport level have been demonstrated upon n-type doping of
ETLs [55, 56]. Thereby, the formation of charge transfer complexes has been suggested
rather than a chemical reaction in terms of the modification of molecular configurations [53].
However, similar to most of the p-type dopants listed above, Li tends to strongly diffuse
within organic layers leading to device degradation and lower lifetimes [56,57].

The substitution of Li by Cs has been proposed and proven for n-type doping [58,59]. Due to
its atomic dimensions, Cs should have a lower diffusivity [60]. At the same time, it exhibits
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Figure 2.5: Franck-condon principle for a bi-nuclear molecule.

a higher reactivity than Li so that technological aspects have to be considered for stable
deposition conditions like a very low background pressure in the UHV system. Therefore,
a Cs salt, namely Cs2CO3 will be used in this work due to its chemical stability in air
and comparable properties of n-type doping to alkali metals leading to high efficient p-i-n
OLEDs [61,62].

2.2.4 Formation and Transfer of Excitons

The absorption of light and the recombination of charge carriers on organic molecules lead
to the formation of electrically neutral and bound electron-hole pairs. They are denoted
as Frenkel excitons due to the low distance between the two complementary charges, both
usually located on one molecule. Consequently, the large Coulomb attraction between these
charges causes high exciton binding energies in the range of 0.4 to 1.4 eV [63], leading to
an optical band gap which is usually smaller than the transport band gap of the organic
semiconductors. In the ground state, the HOMO level of the organic molecule is filled with
two electrons forming a singlet state according to the Pauli principle. After excitation and
transition of an electron into the LUMO, the spins of the electrons no longer have to be
paired. Therefore, triplet states with a total spin of 1 have to be distinguished from singlet
states having a total spin of 0 due to the anti-parallel spin orientation. Particularly, charge
carrier recombination initially leads to the formation of both singlet and triplet excitons.



2.2 Organic Semiconductors 17

e
n

e
rg

y

a
b

so
rp

tio
n

flu
o

re
sc

e
n

ce

in
te

rn
a

l
co

n
ve

rs
io

n

in
te

rn
a

l
co

n
ve

rs
io

n

p
h

o
sp

h
o

re
sc

e
n

ce

intersystem
crossing

S0

S1

S2

Sn

.
.

.

T1

T2

Tn

.
.

.

Figure 2.6: Jablonski diagram.

The singlet to triplet ratio yields 1 : 3 according to the spin multiplicity of the two states.

In contrast, the optical excitation from the ground state S0 into an excited triplet state T
is generally forbidden, due to the conservation of the total spin for electronic transitions.
Figure 2.5 shows the situation for the ground and the excited singlet state S1 after the ab-
sorption of a photon. The energy diagram indicates the potential energy of a bi-nuclear
molecule depending on the nuclear separation and excitation state. Additionally, horizontal
lines represent vibrational sublevels for each state, mainly induced by the σ-bonds between
the atoms. Due to the reorganization of the molecular orbital and change in the bond lengths,
the nuclear distance increases for higher excited states. Since the time for electronic transi-
tions, however, is smaller by two orders of magnitude compared to the time period of nuclear
motion, only vertical transitions are allowed between initial and final states having the same
nuclear configuration, as stated by the Franck-Condon principle [64,65]. Additionally, it has
to be considered that the transition between two states is preferred for a high overlap of
the vibrational wave functions (not shown in Figure 2.5). After the absorption of a photon
and transition into one sublevel of the excited state, the molecule relaxes to the vibrational
ground level of S1 via non-radiative intrastate transitions. An emission of a photon by the
electronic transition back to the ground level S0 then occurs by the same considerations in
respect to the Franck-Condon principle. As a result, the emission spectrum is red-shifted to
the absorption which is also known as Stokes shift.

Besides radiative transitions, non-radiative transitions and even an intersystem crossing be-

tween singlet and triplet states are possible under certain conditions. The latter is due to an
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increasing spin-orbit coupling for electrons near elements with higher atomic numbers, which
raises the probability of the spin-flip. This also allows for the radiative decay of the triplet
state to the ground state, which is normally forbidden due to the condition of total spin con-
servation at electronic transitions. The Jablonski diagram, shown in Figure 2.6, summarizes
most of these processes, including the transitions between vibrational sublevels. It demon-
strates the possible transitions in one molecule and also describes the situation after electrical
excitation by charge carrier recombination. The following processes are distinguished from
each other:

Absorption means the optical excitation from the ground state S0 to an energetically higher
singlet state.

Internal conversion denotes the non-radiative decay caused by vibrational relaxation in-
cluding intrastate and interstate transitions. In molecules with negligible spin-orbit coupling,
this process prevails at the decay of triplet states to the ground state.

Fluorescence means the spin-conservative radiative decay of singlet states S1 to the ground
state S0. Note that the optical excitation into higher singlet states Sn normally leads to a
non-radiative decay to the S1 level first.

Intersystem crossing comprises the non-radiative transfer from singlet to triplet states of
the same energy and vice versa, implying a change in the total spin of the states.

Phosphorescence, as a another form of intersystem crossing, means the non-spin-conserving
radiative decay of the triplet state T1 to the ground state S0. This process prevails in phos-
phorescent organic emitters based on heavy metal complexes due to the strong spin-orbit
coupling, allowing for very high energy conversion efficiencies into light [3, 66].

These processes apply for the consideration of only one molecule and have to be extended
by additional energy transfer mechanisms between an excited (∗) donor molecule D and an
acceptor molecule A. In the following, the two main energy transfer processes are briefly
presented:

Förster Transfer

The Förster transfer is based on the dipole-dipole interaction between the excited donor and
an acceptor molecule corresponding to coupled oscillators. The energy is transferred by an
oscillating electric field of the donor molecule, inducing a resonant oscillation at the acceptor
molecule. The transfer rate kF mainly depends on the distance RDA between the donor and
acceptor molecules and is given by
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kF =
1

τD

(
R0

RDA

)6

, (2.11)

where τD denotes the intrinsic fluorescence lifetime of the donor and R0 represents the Förster
radius. R0 comprises additional dependencies of the transfer rate based on the combination
of the specific molecules, involved in the energy transfer process. Particularly, a high spectral
overlap between the emission spectrum of the donor molecule and the absorption spectrum of
the acceptor molecule permits an increased effectiveness of the Förster transfer. Due to the
condition of individual spin-conversion for donor and acceptor molecule, the energy transfer
only applies for singlet excitons as given by

DS∗ + AS → DS + AS∗. (2.12)

The Förster transfer mechanism is also characterized by its comparably long range of influ-
ence which is usually between 4-10 nm.

Dexter Transfer

In contrast, the Dexter transfer is a short-range energy transfer mechanism due to the
condition of orbital overlap between donor and acceptor molecule for an effective electron
exchange. Since the tail of the electron wave function diminishes exponentially by extending
into the vacuum, the transfer range is limited to only several Å, indicated by the small van-
der-Waals radius L which is between 1 and 2 Å. Accordingly, the transfer rate kD is given
by

kD ∝ ξ exp

(
−2RDA

L

)
, (2.13)

where ξ represents the spectral overlap between donor and acceptor molecule. In the case of
Dexter transfer, spin-conversion is only referred to the total system of donor and acceptor.
Therefore, not only singlet but also triplet states can be transferred according to

DS∗ + AS → DS + AS∗, (2.14)

DT∗ + AS → DS + AT∗. (2.15)

Note that an energy transfer can also occur between two initially excited states, correspond-
ing to D∗ and A∗. The result is a form of exciton quenching, since one of the two molecules
becomes de-excited and the other reaches a higher excitation state. The most prominent
exciton quenching mechanism is known as triplet-triplet annihilation, determining the effi-
ciency loss of phosphorescent organic light emitting diodes at high exciton densities [67].
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2.3 Functional Principle of Organic Light Emitting Diodes

In the following, the general functional principle of OLEDs will be explained in respect to
the resulting internal and external quantum efficiency.

2.3.1 Internal Quantum Efficiency

OLEDs are usually based on multi-layer devices due to various internal processes, which
have to be coordinated in order to achieve high internal quantum efficiency ηint. This is
composed by the charge balancing factor γ, the fraction of potentially photon radiating
excitons χ formed after charge recombination according to spin statistics, and the actual
probability of the radiative decay of these excitons ϑ:

ηint = γχϑ. (2.16)

In order to explain the functional principle of OLEDs by concomitantly referring to the
separate factors of ηint, Figure 2.7 schematically shows the energy diagram of a typical
OLED structure in operation, comprising several functional layers. They are responsible
for the efficient charge injection, transport, recombination, and the radiative decay of the
excitons after their potential diffusion, which are explained in the following.

First, charge carriers have to be efficiently injected into the device. Holes are injected
from the anode and electrons are injected from the cathode. In order to guarantee a high
efficiency of charge injection, low potential barriers have to be realized at the electrodes by
specific hole and electron injection layers (HIL and EIL). This can be achieved by doped
organic semiconductors, forming small depletion layers at the electrodes which are easily
tunneled by charge carriers, or other materials enabling an energy level alignment between
their respective transport level and the work function of the electrode, taking the potential
formation of interface dipoles into account.

Specific hole and electron transport layers (HTL and ETL) are then needed to remove the
charge carriers from the electrodes and transfer them into the emission layer (EML). In order
to confine the charge carriers within the EML, the HTL and ETL should additionally act as
electron and hole blocking layer (EBL and HBL), respectively. This is usually given for hole
transport layers with high-lying LUMO levels and electron transport layers with deep-lying
HOMO levels. In this manner, the efficiency of injection and the transport of holes and
electrons influences the charge balancing factor γ, describing the proportion of holes and
electrons in the EML compared to the proportion of the charge carriers within the whole
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device. It equals 1, if all holes and electrons are efficiently directed and confined into the
EML. Leakage current through the device and the recombination of charge carriers outside
the EML lower the factor.

After the transport to the EML, holes and electrons recombine and form excitons according
to the usual spin statistics. The nature of the EML determines whether the triplet excitons
contribute to the light emission or not, corresponding to the actual fraction of emissive
excitons χ of 0.25 or 1. A fluorescent organic emitter converts only the singlet states into
light. Therefore, phosphorescent dyes are increasingly used as dopant within the EML,
leading to high internal quantum efficiencies. One decisive factor for the high efficiency is the
exciton transfer rate from the host to the guest molecules. A pure electro-phosphorescence
can be reached only when singlet and triplet excitons, initially formed at the host molecules,
are completely transferred to the phosphorescent dye, and when the subsequent intersystem
crossing process on the guest molecules converts all singlet states to triplet excitons prior
to the radiative decay [3]. Therefore, the combination of host and guest molecules in the
EML should always consider a high spectral overlap between the emission spectrum of the
host and the absorption spectrum of the dye for high transfer rates. Note that a formation
of excitons by direct charge carrier recombination on the dopant is also possible to some
extent [68,69].

On the other hand, the probability ϑ of the radiative decay of the excitons depends on the
ratio of the light conversion rate to the rate of energy transfer to other competing non-
radiative decay mechanisms such as exciton quenching or internal conversion processes by
vibrational relaxation. Additionally, the internal quantum efficiency could be influenced by
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the exciton diffusion to non-excited molecules. The exciton diffusion length depends on the
lifetime of the singlet and triplet states usually lying in the order of ns, and from μs to ms,
respectively [70]. Exciton diffusion can also lead to a local shift and a higher width of the
emission zone against the region of charge carrier recombination within the EML. In order to
at least avoid exciton diffusion out of the EML, the charge transport layers usually exhibit
a large band gap and consequently, no spectral overlap with the emission spectrum of the
emission layer, precluding a Förster and Dexter transfer on these layers. At the same time,
they have to be sufficiently thick due to the long range of the Förster transfer.

Finally, the excitons undergo a radiative energy transfer, leading to the emission of light.
Apart from a small energy loss by the light absorption in the device, particularly the out-
coupling efficiency determines the overall performance of the OLED. This will be discussed
in the following section.

2.3.2 External Quantum Efficiency

The external quantum efficiency ηext is defined as the ratio of the number of photons outcou-
pled from the OLED to the number of injected electrons. It can be approximately determined
with the help of the measurement of the optical power Popt, of the operating current I, and
of the maximum wavelength of emission λmax according to

ηext =
Popt

hc

q

I
λmax, (2.17)

where c is the velocity of light. At the same time, ηext is given by the multiplication of
the internal quantum efficiency ηint with the outcoupling efficiency ηc. Thereby, the light
outcoupling plays a very important role in the OLED design due to the multi-layer stack of
organic and inorganic materials having different refractive indices.

Referring to a conventional bottom-light emitting device capped by a metallic top contact,
the structure comprises organic layers with a refractive index norg of approximately 1.7 at
the wavelengths of the visible light spectrum, a transparent bottom electrode like indium tin
oxide (ITO) with nITO ≈ 1.9, and a glass substrate with nglass ≈ 1.5. According to classical
ray optics based on the light propagation by Snell’s law and total reflection at angles higher
than the critical angle Θ, based on the transition from high refractive to lower refractive
layers, the outcoupling efficiency can be estimated by ηc = 1/2n2 as often made for their
inorganic counterparts [66]. Consequently, only a small fraction of 20 % of the internally
generated light is extracted out of the device.
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However, the thickness of the multi-layer stack of OLEDs is in the order of the emission
wavelength, leading to interference effects which are not considered by the classical ray op-
tics. Therefore, different models were developed to describe the behavior of the radiating
molecules. They can be mainly divided into two groups, corresponding to the two different
approaches of modeling the optical microcavity. One group is based on classical electro-
dynamics, in which the emission of a photon due to an electronic transition is assumed to
be equivalent to the radiation of an electrical dipole antenna [71]. The model completely
describes the radiation in the OLED microcavity and predicts the splitting of the inter-
nally generated light into different modes such as externally emitted, substrate waveguided
and ITO/organic waveguided. Additionally, heat generation in electrodes and coupling into
surface plasmons at the metal/organic interface particularly by transverse magnetic field
polarization of the light is well predicted. The other group of models is based on a quan-
tum mechanical approach, in which the electromagnetic field is represented by the sum of
eigenmodes of the cavity and the transition probability into each mode is given by Fermi’s
golden rule [66]. Since it does not include the energy transfer to the electrode, a combined
classical and quantum mechanical approach has been developed, allowing for the separate
computation of the different modes [72], in which the light propagation in the glass substrate
is still treated by ray optics, while the propagation in the OLED layers is described by wave
optics.

With the help of these models, the dependence of the outcoupling efficiency and angular-
dependent spectral emission characteristics on the dipole orientation, the polarization of
the light and the distance of the emitter to the mirror(s) can be well described in bottom-
and top-emitting structures, allowing for the appropriate optical design for efficient OLEDs.
Thus, the knowledge about the shape and the positon of the actual emission zone after
charge generation and exciton diffusion is of high importance. In contrast to the treatment
by classical ray optics, outcoupling efficiencies of more than 50 % have been predicted by an
appropriate choice of the layer thicknesses [73]. Additional concepts to improve the outcou-
pling efficiency by the conversion of the waveguide modes or even the decay channels to ex-
ternal emission were demonstrated e.g. by the introduction of periodic microstructures [74],
scattering layers [75], capping layers [71], microlense arrays [76], and by the exploitation of
microcavity effects via highly reflective mirrors [77].
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In the following, the deposition technology used in this work and the preparation of the
devices are presented. Subsequently, the main analytical methods for their characterization
will be introduced.

3.1 Deposition Technology

3.1.1 Organic Molecular Beam Deposition

The preparation of organic thin films based on vaporable small molecules is conducted on an
organic molecular beam deposition (OMBD) system which uses resistively heated effusion
cells, allowing for the evaporation/ sublimation of organic and selective inorganic materials
from thermally stable crucibles. In contrast to the deposition of inorganic semiconductors
by molecular beam epitaxy (MBE), no considerations regarding epitaxial growth have to be
made, due to the mostly amorphous structure of the organic layers. The system exhibits
an ultra high vacuum (UHV) which is important in order to avoid chemical reactions with
residual gases and particles in the coated substrates.

Figure 3.1 schematically shows the current system configuration of the OMBD-cluster tool,
which was mainly used for the preparation of the organic thin films and organic devices in
this study. Five OMBD chambers, one test vessel, a metallization chamber and a sputter
tool are connected with each other via a UHV transfer system which is accessible from a
load lock connected to a N2-box or via a fast entry flange. Additionally, a Kelvin probe tool
is integrated in the transfer system for the measurement of the surface potential in-vacuo.
Separate chambers are used for p- and n-type doping to avoid cross-contamination. The
OMBD system is evacuated by a combination of oil-free scroll pumps and turbomolecular
pumps, leading to an average background pressure of 1 x 10−8 mbar in the OMBD chambers,
1 x 10−7 mbar in the sputter tool and in the transfer system including the Kelvin probe, and
1 x 10−6 mbar in the metallization chamber. The latter is equipped with three resistively
heated molybdenum boats, allowing for the direct evaporation of metals, or in case of Al for
the evaporation from an inserted ceramic crucible. The evaporation of the organic materials
is provided by custom-built temperature-controlled effusion cells, whereas the evaporation
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Figure 3.1: Schematic of the OMBD cluster tool. The chambers and tools mainly used in
this work are indicated by their underlined label.

of the transition metal oxides and cesium carbonate is enabled by commercial MBE effusion
cells, equipped with a water cooling shroud which allows high heating temperatures up to
1400°C. The evaporation rate of the materials is controlled by calibrated quartz crystal
oscillator monitors. Each chamber is equipped with at least four effusion cells which exhibit
a mechanical shutter, reducing the process time due to parallel heating and evaporation of
materials. The distance between the effusion cells and the substrate is held sufficiently high,
allowing for its homogenous coating. The possibility of rotating the substrate holder further
assists the homogenous growth of the layers. The chambers and tools used in this work are
highlighted in Figure 3.1. A more detailed description of the OMBD system is given in [78].

3.1.2 Atomic Layer Deposition

Atomic layer deposition (ALD) is a special form of the chemical vapor deposition process,
in which the chemical reactants are alternately entrained by a chemical inert carrier gas
and introduced into the reactor. The ALD is characterized by its self-limiting nature of the
single process steps, allowing for the preparation of highly dense inorganic layers which can



26 3 Preparation and Characterization

1 2 3 4
precursor
assembly

pumping
line

reactor

recipe

Figure 3.2: Screen shot of the graphic user interface of the ALD.

even be used for the encapsulation of OLEDs [79, 80]. The resulting conformal deposition
permits the homogeneous coating of each substrate which enables the chemisorption of the
first precursor on its surface.

In this work, the ALD was successfully used for the preparation of 120 nm thick Al2O3 layers
on ITO coated glass. This oxide acts as an electrical insulator and is a well-behaved ALD
system which can be created by a variety of precursors [81]. In the following, the ALD process
is exemplified for the deposition of Al2O3 by using water (H2O) and TMA (Al(CH3)3) as
precursors, as also done in this work. After a short pulse of TMA molecules into the carrier
gas leading to the reactor, chemisorption of the precursor occurs at the hydroxyl (OH) groups
on the surface, leading to methane as a by-product. The constantly flowing inert carrier gas
purges the reactor from the methane and the excessive TMA precursor molecules which have
not found further free hydroxyl groups on the surface. In the next step, a short water pulse
enriches the carrier gas and reaches the substrate. The water reacts with the remaining
methyl groups of the TMA intermediate, again producing methane which is purged out
together with excessive water. This reaction not only leads to the integration of oxygen
between the Al atoms but also creates novel hydroxyl groups on the first monolayer. In
this manner, the reaction cycle restarts with the first step of feeding TMA into the reactor.
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Ideally, a stoichiometric Al2O3 film results in the end. The two alternating reactions can be
summarized as follows [81]

Al−OH∗ + Al(CH3)3 → Al−O−Al(CH3)
∗

2 + CH4, (3.1)

Al−CH∗

3 + H2O → Al−OH∗ + CH4, (3.2)

where the asterisks denote the surface species.

Figure 3.2 shows a screen shot of the graphic user interface of the ALD system ”Savannah
200” from Cambridge NanoTech Inc., used in this work. The 8-inch reactor and all connec-
tions to it from the precursor assembly and the pumping line are schematically shown on
the right side. The system comprises four stainless steel cylinders, containing the precur-
sors including water. Molecular nitrogen (N2) is used as carrier gas and is fed into the four
cylinder heads through a mass flow controller, as indicated by the arrow in the schematic of
the ALD setup. The gas flows into the reactor on one side and is pumped out of it on the
other side through the pumping line. The vapor pressure, monitored on the pressure plot
shown on the left side of Figure 3.2 at the bottom, usually ranges between 3 x 10−1 mbar
and 5 x 100 mbar and is recorded by a vacuum gauge. The cylinder heads, the precursor
containing cylinders, and the reactor are separately heated in order to enable a proper gas
flow of the precursors without the formation of residuals in the separate parts of the system.
Moreover, the temperature in the reactor influences the quality of the chemical reactions
during the process. In this work, Al2O3 was deposited at a temperature of 120°C in the
reactor, using the recipe shown on the left side of the graphic user interface. Accordingly,
a first pulse of 15 ms, corresponding to the time period of opening the high-speed valve to
the water-containing cylinder, leads to the enrichment of the carrier gas with water vapor,
flowing into the reactor. After 5 seconds of purging, a second pulse of 15 ms follows, corre-
sponding to the time of opening the valve to the TMA cylinder. After a further 5 seconds of
purging, the deposition cycle restarts with the water pulse. One thousand cycles generated
a 120 nm thick Al2O3 layer. The thickness was checked by profilometer measurements.

3.2 Device Preparation

In the following, the preparation of organic devices comprising doped layers is presented in
the case of their deposition in the OMBD cluster tool, described in Section 3.1.1. Depending
on the aimed characterization by specific electro-optical measurements, different substrates
were used such as 1 mm thick borofloat glass, or 0.4 mm thick n+-doped Si, or 0.7 mm thick
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ITO coated glass which were cut into 17 x 17 mm2 sample substrates after their preparation,
respectively. Although the supplier of the ITO coated glass changed during this study from
Merck to Optrex, its properties remained largely the same, exhibiting an ITO thickness
around 130-140 nm, a sheet resistance of 13-14 Ω/sq and a work function between 4.5 and 4.9
eV. Furthermore, a thin SiO2 film was placed between the ITO layer and the substrate as an
additional diffusion barrier for the impurities of the glass. The substrates were ultrasonically
cleaned sequentially with heated acetone and 2-propanol and dried with N2. The preparation
of the substrates and layers analyzed by photoelectron spectroscopy or capacitance-voltage
measurements will be briefly outlined in the respective sections.

Focusing on the preparation of organic devices for electro-optical characterization, the ITO
coated substrates were lithographically patterned using AZ 5214 photoresist, defining one
ITO contact pad and three circular active layers on each substrate which were 2 mm in
diameter. In this way, it was possible to subsequently deposit the organic layers and the
metallic top contact without a vacuum break. For this purpose, the samples were mounted
on a substrate holder, which can carry up to four substrates at the same time. They were
kept in position by a metallic shadow mask which also defined the top contact pads after
the completion of the device structure by metallization. The holder was transferred into
the OMBD system either via the N2-box or directly from air via the fast entry flange as
shown in Figure 3.1. Since each chamber and its effusion cells exhibit a mechanical shutter,
it was possible to lock in and out the substrate holder without loss of process time. A second
shutter with a specific layout allowed the deposition of different layer thicknesses on the four
substrates in a combinatorial way.
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The heating of the custom-built effusion cells exhibiting a quartz glass crucible was carried
out by a maximum ramp of 10°C/min, which was threefold higher for the MBE effusion
cells, equipped by ceramic crucibles. The doped layers were prepared by co-evaporation and
the evaporation rates were separately controlled by the quartz oscillator monitors. These
were calibrated by profilometer measurements on test layers. Their parameters depend on
the geometrical position of the quartz crystal to the molecular beam and the substrate
holder. Typical deposition rates were 0.2-1 Å/s for the host material and 2-6 Å/s for the
metallic top contact, whereas that of the dopant was tuned according to the targeted doping
concentration. However, in the case of very low doping concentrations the quartz oscillation
method failed to detect the evaporation rate. Therefore, higher evaporation rates of the
dopant were first recorded prior to the preparation of the doped layer. Figure 3.3 shows the
typical characteristics of the evaporation rate versus heating temperature for the deposition
of MoO3. The exponential fit of the measured values represents the typical vapor pressure
curve observed for these dopants, which then allowed the extrapolation of the evaporation
rates toward lower heating temperatures, where the quartz oscillation method failed.

3.3 Analytical Methods

3.3.1 Ultraviolet and Inverse Photoelectron Spectroscopy

The methods of ultraviolet and inverse photoelectron spectroscopy are used to characterize
the electronic structure of materials at their surface by determining their filled and unoccu-
pied density of states, respectively. In this work, these measurements were conducted on a
three-chamber ultrahigh vacuum system from the group of Prof. Antoine Kahn at Prince-
ton University.1 Neat films and doped layers were evaporated in the preparation chamber,
exhibiting a background pressure of < 7 x 10−9 mbar, and were transferred without vacuum
break into the analysis chamber with a background pressure of < 7 x 10−10 mbar. The
substrates used were Au coated n+-doped Si wafers cleaned by sonication in acetone and
methanol and ITO coated glass treated by oxygen-plasma for the removal of residual organic
contaminants. The main properties of the photoelectron spectroscopy tools are briefly ex-
plained within the following description of their basics, while a detailed description of the
whole three-chamber UHV system is given in [82].

1The measurements were mainly performed by Dr. Michael Kröger and Dr. Jens Meyer.
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Ultraviolet Photoelectron Spectroscopy

The principle of (direct) photoelectron spectroscopy is based on the fundamental quantum
hypothesis of Einstein. Electromagnetic radiation with a frequency ν impinging on a metal
surface extracts electrons out of the material if the energy of each photon is higher than the
lowest binding energy of the electrons. This mechanism is also known as photoelectric effect,
in which the maximum kinetic energy of the photogenerated electrons Emax

kin (metal) is given
by

Emax
kin (metal) = hν − φM , (3.3)

where φM is the metal work function. Due to the process of photoemission, this method is
also called photoemission spectroscopy instead of photoelectron spectroscopy. Figure 3.4a
illustrates this situation for a reference metal. Depending on the energy of radiation hν,
not only the electrons at the Fermi level but also energetically deeper-lying electrons are
excited and extracted into the vacuum, leading to a characteristic intensity spectrum of the
kinetic energy. For the investigation of valence levels, ultraviolet radiation in the range of
hν = 15-50 eV is used for ultraviolet photoelectron spectroscopy (UPS). In this work, a He
plasma discharge lamp was employed, exhibiting two main photon lines He I and He II with
an energy of 21.22 eV and 40.81 eV, respectively. The switch between both photon lines was
achieved by varying the gas pressure [82]. Note that at the excitation of the He I line at
a comparably high plasma pressure a small fraction of radiation also stems from the He Iα
line with an energy of hν = 23.09 eV, which should be considered for the interpretation of
the resulting photoelectron spectra where necessary, since no monochromator was used for
the light source.

The resulting photoelectron spectrum comprises the Fermi edge feature of the reference
metal at the maximum kinetic energy, a sharp attenuation at the low kinetic energy side,
and material-specific local maxima of intensity in between. The UPS spectrum approxi-
mately represents the electronic valence band structure of the respective material in respect
to the binding energy-dependent density of filled states, referring to the measurement of
free primary photogenerated electrons which are not inelastically scattered on the way to
the detector [83]. However, the free mean path in the solid is low for the electrons with
energies between 10-40 eV. General characteristics of their kinetic energy-dependent escape
depth were deduced for different materials [83], showing that the value only amounts to
approximately 5-15 Å for the energies employed in the UPS. Photoelectron spectroscopy is
therefore known as a surface-sensitive method, representing the electronic structure of the
materials at their surfaces. Accordingly, the UPS spectrum is increasingly superimposed to
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Figure 3.4: Principle of the UPS study of a metal/organic interface according to [28]. (a)
Photoemission from the reference metal. (b) Photoemission from the organic layer deposited
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lower kinetic energies by secondary electrons resulting from inelastic electron-phonon and
particularly electron-electron scattering of the primary electrons in the solid on the way
to the surface [84]. The determination of the kinetic energy-dependent secondary electron
spectrum is complex, but can be approximated to an exponential-like function for electron
energies Ekin < 100 eV [82].

The sharp attenuation of the secondary electron spectrum at the low kinetic energy side
of the UPS spectrum, also known as secondary electron cutoff and photoemission onset,
clearly defines the vacuum level of the investigated metal Evac,m. Referring to the primary
electrons near this region, their kinetic energy tends to be zero due to their binding energies,
precisely resembling the radiation energy which only suffices to extract them into the vacuum.
Figure 3.4b schematically shows the relationship between the electronic structure and the
UPS features of an organic semiconductor deposited on the metal. The possible formation of
an interface dipole Δ between the metal and semiconductor does not influence the energetic
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relations described in the following. The maximum kinetic energy of the photogenerated
electrons Emax

kin (sample) is lower than that of the underlying metal, since the photoelectron
emission starts for organic and inorganic semiconductors at the HOMO level or valence band
egde [85]. Accordingly, the hole injection barrier φB,h is given by the energy difference of the
maximum kinetic energies according to

φB,h = Emax
kin (metal) − Emax

kin (sample). (3.4)

This is only true for the situation of Fermi level alignment between the metal and the organic
semiconductor. Although the sample system is earthed to avoid charge accumulation by
positive charges left on the surface, this could be foiled in cases of very weakly conductive
materials and very thick layers. The ionization energy IE is obtained as

IE = hν − (Emax
kin (sample) − Emin

kin (sample)), (3.5)

where Emin
kin (sample) yields 0 eV and denotes the minimum kinetic energy of the electrons at

the vacuum level of the sample Evac,s. Since Emax
kin (metal) is associated with the Fermi level

EF of the system, the work function of the sample φS as the difference between IE and φB,h

is given by

φS = IE − φB,h = hν − (EF − Emin
kin (sample)), (3.6)

as can be followed in Figure 3.4b.

In order to measure the kinetic energy of the photogenerated electrons, they are collected by
a cylindrical mirror analyzer (CMA) consisting of a series of electron optics and an electron
multiplier [82]. The main functional principle of the CMA is based on the application of a
bias potential between an outer and an inner cylinder, permitting the transmission of only
those electrons to the detector which have a corresponding kinetic energy [83]. Varying the
bias potential, it is possible to analyze the whole kinetic energy spectrum. Since the detector
is electrically connected with the sample, Fermi level alignment occurs between both parts
of the system. Thus, the kinetic energy spectrum of the electrons referring to the vacuum
level of the detector Evac,d is shifted compared to the spectrum referring to the vacuum level
of the sample Evac,s due to the different work functions of detector (φD) and sample (φS)
(Figure 3.4c). Moreover, the possible application of an additional negative bias qV on the
sample ensures the measurement of a finite positive kinetic energy of the photoemission onset
Eonset (secondary electron cutoff) given by
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Eonset = φS − φD + qV. (3.7)

In analogy to the equations 3.5 and 3.6, the IE and work function of the outermost layer
on the sample are determined by the specific features of its UPS spectrum at the respective
kinetic energies according to

IE = hν − (EHOMO − Eonset), (3.8)

φS = hν − (EF − Eonset), (3.9)

where EHOMO denotes the energy at the HOMO level (Figure 3.4b).

Figure 3.5 focuses on the main parts of Figure 3.4, clarifying the measurement routine and
the interpretation of the UPS spectra. First, the Fermi level EF of the detector system has to
be checked by the measurement of the Fermi edge characteristics of a reference metal. This
was periodically done by a freshly evaporated Au substrate, made in the growth chamber of
the UHV system. The width of the measured Fermi step also indicates the total resolution of
the UPS system which was estimated to approximately 0.1 eV, or ± 0.05 eV [82]. Then, the
organic semiconductor layer of interest is deposited on a substrate coated with a conductive
layer. Compared with the UPS spectrum of this conductive layer as the actual reference of the
measurement, the energetic value of a possible dipole or space charge region at the interface
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Figure 3.5: Presentation of the UPS spec-
tra and their most important energy fea-
tures of the reference metal and an or-
ganic layer deposited on it. The relation-
ship between the energy scale Ek,d, re-
ferring to the kinetic energy in respect
to the detector system, and the energy
scale with respect to the Fermi level EF

is exemplarily shown at the bottom. The
dashed lines indicate the determination of
EHOMO.
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can simply be extracted out of the shift of the photoemission onset upon the deposition of
the semiconductor. This is indicated by Figure 3.5 on the low kinetic energy scale of both
UPS spectra. On the high kinetic energy side, the hole injection barrier between the metal
and the semiconductor, or alternatively the position of the Fermi level to the hole transport
level in a doped semiconductor is also easily found, particularly when the energy axis is
scaled with respect to (w.r.t.) the Fermi level EF .

The process of photoemission induces holes on the sample and generates electrons traveling
through the solid into the vacuum. The time scale of the photoemission determines whether
the electronic polarization and the molecular and lattice relaxation, as discussed in Section
2.1, are reflected in the photoelectron spectrum [29]. There is a broad consensus that the
strong electronic polarization effects are included in the spectra due to their fast response to
the photoionization (10−16 s) compared to the traveling time of the photogenerated electrons
to the surface of the solid (10−15-10−14 s) [29, 63, 82, 85]. Since the energy of the electronic
polarization (1-1.5 eV) is one order of magnitude higher than that of the molecular relaxation
and two orders of magnitude higher than that of the lattice relaxation, the latter processes
would not further change the photoelectron spectrum significantly if they were in the time
scale of photoemission. Thus, the UPS spectrum of the HOMO level is considered to rep-
resent the nearly fully relaxed hole transport level as the final state of the generated cation
instead of the energy level of the neutral molecule system [29]. This underlines the high
importance of the photoelectron spectroscopy for the examination of charge transport and
charge injection phenomena.

On the other hand, it should be noted that the polarization energy in the bulk is higher
than at the surface, where the ionized molecules are not completely surrounded by neutral
molecules due to the proximity to the vacuum side. The difference between the binding
energy of the transport level in the bulk and at the surface was estimated to 0.3 eV for
anthracene [63]. In order to approximate the energy situation in the bulk, the HOMO level
was determined at its high kinetic energy cutoff by extrapolating from a tangent to the
steepest segment of the HOMO peak [82,85]. The intersection between the tangent and the
extrapolated background signal was then taken as the beginning of the Gaussian-distributed
hole transport level, also denoted as the HOMO edge or valence band minimum for organic
and inorganic semiconductors, respectively. The determination of the HOMO level is also
indicated in Figure 3.4 and 3.5 by the dashed lines at the high kinetic energy side of the
corresponding UPS spectra.

Inverse Photoelectron Spectroscopy

Inverse photoelectron spectroscopy (IPES) is the complementary technique to direct pho-

toelectron spectroscopy like UPS. It probes the unoccupied density of states and is based
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on the emission of photons due to the deceleration of electrons impinging onto the sample.
The resulting electromagnetic radiation is also known as Bremsstrahlung. Depending on the
energetic position and the density of the unoccupied states in the LUMO level or conduction
band of the sample, different transition probabilities apply for the electrons with a specific ki-
netic energy decaying into these final states. Thus, the resulting photon spectrum represents
the density of unoccupied states in a first order approximation. The electrons are provided
by a low energy electron gun using thermionic emission from a low work function barium
oxide coated tantalum filament [82]. The kinetic energy of the electrons can be controlled in
the range of 5-25 eV in such a manner that a low energetic width of the respective electron
flux is ensured. Note that IPES, like UPS, is also a surface-sensitive method due to the low
free mean path of the electrons penetrating the solid and partially generating a ”secondary”

photon background [82].

Although it is possible to measure the entire photon spectrum with an UV monochro-
mator, using a fixed incident electron energy source, the low quantum efficiency of the
Bremsstrahlung in the ultraviolet regime of typically 10−8 photons per electron affords a
very sensitive measurement setup and high electron intensities [86]. However, organic layers
could be easily damaged by high electron currents. Therefore, the electron beam was defo-
cused and the currents and data recording times were reduced [29]. Additionally, the data
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were usually averaged from several spots on the sample surface. Furthermore, IPES was done
in the isochromat mode, also known as Bremsstrahlung isochromate spectroscopy, using a
fixed-energy photon detector based on a band-pass filter and varying the electron energy
from 5 to 20 eV. The band-pass filter consists of a 1 mm thick SrF2 window which is placed
in front of an electron multiplier coated with an 80 nm thick layer of KCl [82]. Since SrF2

acts as a low-pass filter for photon energies below its band gap of 9.7 eV and KCl generates
electrons by photoexcitation with energies higher than its IE of 8.6 eV, the combination rep-
resents a band-pass filter around 9.1 eV with a resolution of 0.5 eV or ± 0.25 eV. Figure 3.6
demonstrates the principle of the IPES measurement in the isochromat mode for the analysis
of an organic semiconductor. Only the photons with energy of hνbp = 9.1 eV were detected.
By increasing the electron energies during one measurement run, it is possible to map the
distributed density of unoccupied states, represented by the kinetic energy-dependent pho-
ton intensities. Since the kinetic energy of the electrons only refers to the electron gun and
not to the sample, it is important to determine the Fermi level EF of the sample system by
a metallic reference beforehand.

The same considerations, made for UPS regarding the determination of the HOMO level and
the discussion about the time scales of photoemission and polarization in organic semicon-
ductors, apply for IPES [29]. Accordingly, the nearly fully relaxed electron transport level
as the final state of the generated anion is measured by IPES. The LUMO level ELUMO is
determined at its low kinetic energy cutoff by extrapolating from a tangent to the steepest
segment of the LUMO peak, as indicated in Figure 3.6. Consequently, the electron affinity
(EA) of the respective sample is determined from the difference between the work function
derived from UPS and the energetic distance of the LUMO level to the Fermi level. There-
fore, IPES and UPS spectra are usually plotted together in one energy diagram by aligning
the Fermi levels of the separate energy scales.

3.3.2 Kelvin Probe Technique

The Kelvin probe is an analytical tool, allowing for the measurement of the contact potential
difference between two electrodes. It is based on a vibrating parallel-plate capacitor setup,
in which one plate is given by the Kelvin probe as reference electrode and the other plate
is represented by the sample surface. The plates are held at a specific distance to each
other during the measurement, so that this non-contact mode allows for a non-destructive
analysis of the sample surface. The principle of measuring the contact potential difference
is illustrated in Figure 3.7. The electrical connection of two electrode materials having
different work functions leads to a Fermi level alignment and accordingly to a short current
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Figure 3.7: Principle of the contact potential difference arising between two materials with
different work functions. (a) No contact between the two materials. (b) Electrical contact
and Fermi level alignment, leading to contact potential difference Vc. (c) Application of an
external voltage Vb equally to Vc.

flow causing a charge redistribution on the plates. The voltage arising between the two
electrodes is denoted as the contact potential difference Vc, which is directly associated with
the work function difference ΔΦ according to qVc = ΔΦ. The application of an external
voltage equal to the contact potential difference reduces the electric field to zero. In order
to detect this situation, the reference electrode is oscillated, leading to a periodic change of
the parallel-plate capacitance value with a varying distance d and accordingly to a periodic
current flow. Assuming a sinusoidal variation of the distance at a frequency ω and an
arbitrary phase θ the current IKP is given by

IKP = −ε0εrAKP ΔV
d1 cos(ωt + θ)

[d0 + d1 sin(ωt + θ)]2
, (3.10)

where AKP is the area of the Kelvin probe, d0 and d1 are the initial parallel-plate distance
and the amplitude of vibration, respectively, and ΔV is the sum of the contact potential
difference and the applied voltage Vb. The current diminishes in the case where Vb = -

Vc, indicating the work function difference between the sample surface and the reference
electrode.

In this work, a KP6500 Digital Kelvin Probe from McAllister Technical Services was placed
into the transfer system of the OMBD as shown in Figure 3.1. Figure 3.8 schematically
illustrates the setup. The Kelvin probe head, 4 mm in diameter, was eccentrically inserted
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into the vacuum cross, allowing for the sequential measurement of four substrates on a
holder which could be manually rotated on the z-lift. The samples have to be initially
coated with a conductive layer, for which reason ITO coated glass substrates were used.
Moreover, they were electrically grounded by a connection to the metallic substrate holder.
The measurement was conducted in a short distance between the Kelvin Probe and the
respective sample surface, which was indicated by the software. A frequency of 180.2 Hz
and an amplitude of 80 (a.u.) were used. The external backing potential Vb was varied from
-1 to +1 V. This sufficed to measure any work function difference, since the Kelvin probe
takes advantage of the linear relationship between the current and the applied voltage, as
demonstrated in equation 3.10. This allows for the interpolation or extrapolation of the
current versus voltage characteristics to the null point, indicating the case of zero field.
Accordingly, the contact potential difference can be measured with high accuracy unlike
lock-in techniques that measure the null point directly, where the signal-to-noise ratio is
far inferior to the other points [87]. The work function of the stainless-steel Kelvin probe
head was determined prior to this study in another work, allowing for the calculation of the
respective work function of the sample surface.

3.3.3 Electro-Optical Characterization

Considering the applications of OLEDs in displays and general lighting, it is important to
characterize their properties in respect to the optical impression on the human eye. Ac-
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Table 3.1: Photometric quantities for the OLED characterization.

quantity symbol specification unit

luminous flux Φv lm
luminous intensity Iv luminous flux/ solid angle cd (lm/sr)
luminance L luminous intensity/ luminous area cd/m2

current efficiency ηphot luminance/ current density cd/A
power efficiency ηlum luminous flux/ electrical power lm/W

cordingly, the radiometric quantities measured by photodiodes and spectrometers have to
be weighted by the luminosity function and color matching functions that model human
brightness sensitivity and color sensitivity, respectively. The spectral luminosity function
at light conditions (photopic) V(λ) was empirically investigated and defined by the Inter-
national Commission on Illumination (CIE, Commission internationale de l’éclairage) and
implies that only the electromagnetic radiation from 380 to 780 nm is visible for the human
eye. It allows for the conversion of the radiant flux Φr into the luminous flux Φv according
to

Φv = Kph

780 nm∫
380 nm

Φrs(λ)V (λ)dλ, (3.11)

where Φrs is the spectral power distribution and Kph = 683 lm/W is a constant resulting
from the normalization of the luminosity function at its maximum (λ = 555 nm). Assum-
ing Lambertian emission from the OLED devices, their current efficiency ηphot and power
efficiency ηlum are defined as follows:

ηphot =
L

J
and ηlum =

πL

V J
, (3.12)

where L denotes the luminance, J the current density, and V the applied voltage. Accord-
ingly, the power efficiency denotes the ratio of total light output to the total electrical input
power and is a measure for the performance of OLEDs compared to other light sources.
Table 3.1 summarizes the most important photometric quantities for the characterization of
OLEDs.

Three color matching functions, x̄(λ), ȳ(λ), and z̄(λ) exist for the complete description of the
color perception of the human eye which is based on three types of different photoreceptors,
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Figure 3.9: (a) Spectral color matching functions and an exemplary emission spectrum with
a spectral power distribution Φrs(λ). (b) CIE color space diagram including the plotted CIE
coordinates of the exemplary emission spectrum.

responding to different ranges of wavelengths. The functions were empirically investigated
and defined by CIE in 1931 as the chromatic response of the average human eye viewing
through a 2° angle [88]. The integration of the spectral power distribution weighted by the
respective color matching function in the visible spectrum according to

X =

780 nm∫
380 nm

Φrs(λ)x̄(λ)dλ, Y =

780 nm∫
380 nm

Φrs(λ)ȳ(λ)dλ, Z =

780 nm∫
380 nm

Φrs(λ)z̄(λ)dλ, (3.13)

leads to three values X, Y, and Z, describing the degree of response by the different photore-
ceptors. Their normalization according to

x =
X

X + Y + Z
, y =

Y

X + Y + Z
, z =

Z

X + Y + Z
, (3.14)

allows for the two-dimensional illustration of the color perception by the CIE color space
diagram. Figure 3.9a shows the spectral color matching functions along with an exemplary
emission spectrum, which is converted into the two CIE coordinates x and y and plotted
into the CIE diagram depicted in Figure 3.9b.
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Figure 3.10: Schematic of the measurement setup for the analysis of the angular-resolved
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slits and the OLED substrate for the illustration of the maximum angle of beam and the
measuring area on the OLED.

L-I-V measuring station

The luminance-current density-voltage (L-I-V) measurements were conducted under ambi-
ent conditions using a Keithley 2400 source measure unit and a large-area Si-photodiode
(Advantest TQ 82214) connected to an optical power meter (Advantest TQ 8221). The
conversion to photometric quantities was based on a calibration with a luminance meter
(Minolta LS-110), implying the consideration of the spectral properties of light emission
and the geometrical properties of the measurement setup in respect to the areas of emission
and detection and their distance to each other. The voltage-dependent electroluminescence
spectra were obtained by a fibre-coupled spectrometer (TecFive MMS UV-VIS II).

Angular-resolved electroluminescence spectra

The measurement of the angular-resolved electroluminescence spectra is useful for the com-
plete characterization of OLEDs, since weak microcavity effects are known to influence their
angular-dependent spectral characteristics depending on the position of the emission zone



42 3 Preparation and Characterization

in relation to the reflective electrodes [72]. Thus, the knowledge about the devolution of
the spectra with higher angles of view ϕ allows, in combination with optical device simu-
lation, for the reliable determination of the emission zone within single or stacked OLEDs.
Figure 3.10 schematically shows the realized measurement setup. OLED substrates were
mounted on a xyz-stage, which is able to rotate the device by 360° around its center axis.
They were electrically driven by a Keithley 2400 source measure unit (SMU). Two slits with
an aperture of 1 mm in diameter were placed in a row with a distance of 570 mm to each
other, in order to permit the measuring of only a small maximum angle of beam of 0.1°. This
can be easily comprehended by the drawing at the bottom of Figure 3.10, showing the top
view on the OLED substrate and the two essential slits. Additionally, they define a small
circular measuring area of only 1.4 mm2 on the respective light emitting (active) area of the
OLED substrates, since the first slit was placed only 100 mm behind the rotation axis of the
xyz-stage. An additional slit with an aperture smaller than 5 mm was placed between the
two others to reduce diffuse light coming from reflections or other small light sources in the
laboratory. Behind the three slits, a bi-convex lens (BK7, focal length Fle = 120 mm) was
positioned, collecting the light and guiding it into the fibre input of the imaging monochro-
mator system (Triax320, CCD4000, Jobin Yvon; grating of 150 lines/mm).

Optical device simulation

The optical device simulation was performed by the commercial software ”ETFOS v. 1.4”

from Fluxim AG. The modeling is based on the classical approach of electrodynamics, con-
sidering the light emission to originate from oscillating and thus radiating dipoles embedded
in a multilayer device [89]. It is able to calculate radiometric as well as photometric quanti-
ties such as radiance and luminance of an OLED device as a function of viewing angle and
dipole orientation. Moreover, it exhibits the possibility of simulating the angular-dependent
electroluminescence spectra which can directly be plotted in the CIE diagram, offering a
simple way of comparison with experimental results. The simulation program requires sev-
eral input parameters such as the layer sequence and thicknesses of the device, the complex
refractive index of each layer, the position, width, and distribution of the emission zone(s),
and the intrinsic emission spectrum of the emitting layer(s). The refractive indices were
obtained by ellipsometer measurements except for Al, ITO and SiO2. The data for these
layers were taken from the ETFOS data base. The refractive index of the glass substrate was
assumed to be constant in the visible spectrum and was set to 1.51. The photoluminescence
spectrum of the organic dye (Ir(ppy)3) doped in the host material (TPBi) was used as the
intrinsic spectral distribution of the emitter [71].



4 Fundamental Properties of Transition Metal Oxides

The introduction of transition metal oxides (TMOs) in organic devices such as organic light-
emitting diodes (OLEDs) and organic solar cells (OSCs) led to first promising results referring
to the device efficiency and lifetime, although the deeper understanding of their electronic
structures is very limited so far. The knowledge of their electronic properties would further
allow for their appropriate application within those devices, since the energy level alignment
between the TMOs and their neighboring functional organic materials and inorganic elec-
trodes is the key for highly efficient devices. For this reason, the electronic structure of MoO3

and WO3 will be studied first. Subsequently, a new model for hole injection by TMOs will
be proposed and finally, their properties of electron-blocking and luminescence quenching in
OLEDs will be studied.

4.1 Electronic Structure of MoO3 and WO3

Kelvin probe (KP) analysis offers one possibility to learn more about the electronic struc-
ture of TMOs by measuring their surface potential. Reynolds et al. used an oxygen plasma
treatment of transition metal dichalcogenide MoS2 to form a fully oxidized layer on top
which corresponds to molybdenum trioxide (MoO3). The KP measurements gave a value of
5.3 eV for its work function (WF, Φ), regardless of the duration of the plasma treatment [90].
By considering the optical band gap of MoO3 of about 3-3.1 eV and assuming an electron
affinity (EA) of 2.2-2.3 eV (in reference to [91]), an ionization energy (IE) of around 5.3 eV
was calculated which would exactly correspond to the measured work function. This would
mean that MoO3 exhibits properties of a degenerated p-type semiconductor. However, first
thickness-dependent measurements of the surface potential of MoO3 via ultraviolet photo-
electron spectroscopy revealed a different value for the work function of 5.7 eV which is
obtained after the deposition of 10 nm of the TMO on indium tin oxide (ITO) [92, 93].
Finally, another KP study reveals values of work function for hyperthermal surface oxydized
Mo and W at 6.5 eV and 6.3 eV, respectively [94]. Accordingly, it has to be assumed that
the discrepancy of the measured values is caused by the deposition and measurement con-
ditions. While the relatively small work function of around 5.3 eV has been obtained by
KP analysis in ambient air [90], the higher values in the aforementioned study have been
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Figure 4.1: Time-dependent work function characteristics measured by KP of (a) a 50 nm
thick MoO3 film and (b) a 200 nm thick Cs2CO3 doped TPBi film deposited on ITO, re-
spectively.

determined in an ultra high vacuum chamber with a base pressure of 10−10 mbar [94]. The
deposition of MoO3 with the work function around 5.7 eV measured by UPS was carried out
in a UHV chamber with a base pressure of only 3 x 10−6 mbar [93]. Obviously, the base
pressure and with it the amount of residual gases within the UHV system influences the work
function of the TMOs due to adsorbates on the surface. Contaminants like hydrocarbons
or molecular oxygen are known to change the surface potential of even inert metals such as
Au and Pt [95, 96]. Figure 4.1a shows the time-dependent work function characteristics of
50 nm of MoO3 deposited onto ITO and subsequently measured with KP at a base pressure
of 5 x 10−7 mbar. The initial work function reaches a high value of about 6.85 eV which up
to now had not been observed. After only thirty minutes of storage the surface potential
drops to 6.65 eV and further decreases to 5.35 eV approximately 20 hours after evaporation.
Thereby, the substrate has been removed from the KP tip after each measurement step, so
that the influence of the alternating electric field could be excluded. The work function vs.
time curve can be fitted by a second-order exponential decay indicating the influence of two
main contaminants and showing up the value of the saturated work function of about 5 eV
which would be obtained after more than 100 hours of storage in the UHV system. This value
correlates quite well with the small work function which was measured by KP in ambient
air [90] indicating the influence of oxygen and water. For comparison, Figure 4.1b displays
a similar time-dependent devolution of work function of a 200 nm thin film of Cs2CO3

(molecular weight: 325.82 g/mole) doped TPBi (see Appendix for constitutional formula
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Figure 4.2: UPS spectrum of a MoO3 film obtained by the use of (a) He I line and (b) He II
line. (c) IPES spectrum of the MoO3 film.

and molecular weight) as n-type organic electron transport material, starting at 2.45 eV for
the freshly evaporated film and ending up at 2.87 eV as predicted by the exponential fit.
This data make clear that depending on the base pressure within the measurement system,
the time period between evaporation and measurement of the work function is essential and
has to be kept short. Even in a UHV system with a base pressure of < 2 x 10−10 mbar
the surface of a cleaned Si substrate has been covered significantly with molecular oxygen,
carbon-containing molecules, hydrogen atoms and hydroxyl-containing molecules [97]. Since
WO3 and MoO3 are known for their hydrophilic property [98,99], mainly hydroxyl-containing
molecules are assumed to be absorbed at the thin films. It has been shown that the immer-
sion of MoO3-like film in de-ionized water leads to a decrease of surface potential relative to
that of MoO3 [100], which is comparable to the observation made in this work.

In order to get information about the electronic structure of MoO3 and WO3, ultraviolet and
inverse photoelectron spectroscopy (UPS and IPES) were conducted in a UHV system with
low base pressures of < 7 x 10−10 mbar and < 7 x 10−9 mbar in the analysis and thermal
evaporation chamber, respectively, keeping the influence of contaminants on the electronic
structure low. This is all the more important, since high energetic photon and electron
radiation could lead to chemical reactions between residual gases and the examined thin
films. Initially, a 30 nm thick MoO3 film was evaporated on Au and examined by the He I
line. The resulting filled valence state spectrum is shown in Figure 4.2a. The photoemission
onset lies at -14.36 eV with respect to the Fermi level EF corresponding to a work function
of 6.86 eV which coincide exactly with the value obtained by KP measurement shown above.



46 4 Fundamental Properties of Transition Metal Oxides

(a) (b)
-3 -2 -1 0 1

0.00

0.01

0.02

gap state
edge:
-0.22 eV

He I - He I�

n
o

rm
a

liz
e

d
in

te
n

si
ty

(a
.u

.)

energy w.r.t. E
F

(eV)
-6 -4 -2 0

0.0

0.1

0.2

0.3 He I
He I� x 10
He I - He I�

n
o

rm
a

liz
e

d
in

te
n

si
ty

(a
.u

.)

energy w.r.t. E
F

(eV)

1.87 eV

O 2p

Figure 4.3: (a) UPS spectra of a MoO3 film obtained by He I line (including parasitic effects
of He Iα line), calculated for the exclusive radiation of He Iα line and shown for the situation
after calculative elimination of the He Iα line. (b) Enlarged view on the gap states spectrum
obtained after calculative elimination of the He Iα line.

The principal valence band (VB) spectrum near the Fermi level arises from the photoejection
of O 2p electrons [9] and the linear extrapolation of its leading edge results in an energetic
position at -2.72 eV corresponding to IE of about 9.58 eV. Since no monochromator is
used in this work to separate the photon lines of the He plasma discharge lamp, significant
parasitic background induced by the He Iα line has to be considered [101]. That is why the
density of filled states of MoO3 are also recorded by the He II line after changing the plasma
pressure in the lamp. Figure 4.2b displays the resulting valence state spectrum with VB
edge at -2.82 eV corresponding to IE around 9.68 eV. In the range of uncertainty of UPS
measurements of about ± 0.1 eV, this value accords well with the result obtained by using the
He I line. Finally, IPES measurements conducted on MoO3 provides the energetic position
of the conduction band (CB) edge lying at 0.16 eV with respect to Fermi level and indicating
an EA of 6.7 eV. Note the energy resolution of IPES measurements amounts to ± 0.25 eV.
In combination with the UPS results, a band gap of approximately 3 eV is defined which is
in good agreement with the values around 3.1-3.2 eV determined by optical measurements
on amorphous MoO3 [102,103].

Accordingly, these results draw a completely new picture of MoO3 and its electronic structure.
On the one hand, the IE and EA are more than 4 eV deeper than previously reported. On
the other hand, the proximity of the Fermi level to the CB indicates characteristics of an
n-type semiconductor of the TMO which is absolutely the opposite of the conception given
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by previous reports [90,104]. Thermoelectric power measurements on thermally evaporated
WO3 also indicated its n-type semiconducting properties [105]. The origin of the n-type
character of the TMOs is assumed to be in the thermal evaporation process leading to
oxygen-deficient films which is responsible for the n-type doping of the TMO and has been
evidenced by x-ray photoelectron spectroscopy [102]. At the same time, thermally evaporated
layers exhibit lower material density as compared to sputtered films which has been shown for
tungsten trioxide [106]. The relation of the material densities for evaporated and crystalline
WO3 films allows for the estimation of the O/W ratio to be 2.7 [9]. Amorphous evaporated
MoO3 films possess a material density around 4.1 g/cm3 as compared to 4.7 g/cm3 for
monocrystalline MoO3 [107]. The formation of oxygen-deficient films is attributed to the
decomposition and preferential evaporation of the lower vapor pressure constituent atomic
species of the TMO [103]. However, different publications on the amount of deficiency exist
ranging between x < 0.1 to x = 0.3 for MoO3−x [102,103]. In a stoichiometric film of MoO3 the
molybdenum atoms would only exist in the form of fully oxidized sites, namely Mo6+. Oxygen
vacancies lead to the formation of Mo4+ and Mo5+ so that the TMO becomes photochromic.
The discussion of its mechanism would by far exceed the scope of this work, since different
controversial models exist for the explanation of photochromism [108]. Focusing on one
of these models, the oxygen vacancies are considered as doubly positive charged structural
defects V2+. When they capture one or two electrons, they serve as color centers which are
responsible for the deep blue coloration of TMOs. The illumination of MoO3 films leads to
an increase of such color centers to which a broad photochromic absorption band around
850 nm (corresponding to 1.46 eV) is attributed [103]. Consequently, the radiation by high
energetic He photons during the UPS measurements should lead to an additional absorption
spectrum within the band gap as indicator for the existence of non-stoichiometry which
is already shown for deeply colored MoO3 [9]. For this reason, Figure 4.3a displays the
low binding energy section of the full UPS spectrum which has been shown in Figure 4.2a.
The parasitic influence of the He Iα line on the UPS spectrum mentioned above is clearly
visible: the O 2p states spectrum is reproduced after an energetic shift of 1.87 eV to lower
binding energies which is given by the energetic difference of He I and He Iα line. However,
even the calculative elimination of this effect leaves a weak residual signal as shown by
Figure 4.3b in a further enlarged view. This broad spectrum with its center at approximately
-1.5 eV indicates the partially occupied oxygen vacancies denoted as gap states and serving
as evidence of the existence of non-stoichiometric MoO3 film. Two other UPS studies also
indicated the existence of gap states in MoO3 relating the signals within the band gap to a
partial occupation of ”local” Mo 4d orbitals [109,110]. Note however that the density of gap
states is far below that of O 2p states and will be neglected in the further discussion.
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Figure 4.4: (a) UPS and IPES spectra of a WO3 film. (b) Summary of the electronic
properties of MoO3 and WO3. Evac denotes the energy of the vacuum level.

The examination of WO3 by UPS and IPES provides an electronic structure similar to that
of MoO3. Figure 4.4a shows the relevant parts of the UPS and IPES spectra of 10 nm
thick WO3 deposited on Au. The photoemission onset at -14.54 eV is slightly smaller than
that of MoO3 and indicates a work function of 6.68 eV. VB edge and CB edge have been
measured to -3.15 eV and 0.23 eV, respectively, being equivalent to IE of about 9.83 eV and
EA of about 6.45 eV. Accordingly, WO3 also features properties of an n-type semiconductor
caused by the existence of oxygen vacancies which lead to a substoichiometric thin film.
However, the gap states signal of the UPS spectrum near the Fermi level was negligibly small
compared to MoO3 indicating only a slight deviation of the stoichiometry. Moreover, different
measurement periods equivalent to different radiation dosages for the two TMOs could have
led to unequal extents of photochromic effects reflected by differing signal strengths of the gap
states spectra. Figure 4.4b summarizes the electronic structures of MoO3 and WO3 found
by KP and photoelectron spectroscopy within this work and implies the possible existence
of gap states.

4.2 Insertion of Neat TMO Layers into OLEDs

The results of the previous section necessitate a novel interpretation of the impact of TMOs,
especially MoO3 and WO3, on OLEDs and OSCs. On the one hand, they have been found
to enable efficient hole injection out of the anode into OLEDs. On the other hand, improved
performance of OSCs has been attributed to an electron-blocking effect of TMOs. Both
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Figure 4.5: Characteristics of hole-only devices optionally employing MoO3 interlayers at
anode and/or cathode. Insets: respective scheme of the device structure. (a) Current density
versus voltage characterstics of TCTA devices. (b) Magnified view on current density versus
voltage characterstics of a TCTA device with MoO3 interlayer compared to a CBP device
sandwiched by two MoO3 films. Insets: respective scheme of the device structure.

modes of operations will be analyzed in the following subsections within the revised picture
of the electronic structures of MoO3 and WO3. According to their similarity the examinations
of one of both TMOs respectively should lead to the same conclusions for the comparable
use of the other one. However, the use of neat layers of TMOs does not necessarily implicate
an improvement of device performance. In the final subsection of this chapter luminescence
quenching by thin films of WO3 in OLEDs will be shown and discussed.

4.2.1 Hole Injection

For lack of electrodes with sufficiently high work functions, interlayers are used to lower the
hole injection barriers to organic hole transport materials with HOMO energy levels around
5.4 to 6.2 eV. Transition metal oxides inserted as neat films adjacent to the anode turned
out to be a general instrument of improving hole injection. They were successfully used in
organic transistors [104], OLEDs [15, 16, 90, 111, 112] and hole-only devices for admittance
spectroscopy [113], apparently independent of the work function of the anode and the HOMO
energy level of the successive organic material. If TMOs behaved like insulators as given
for completely stoichiometric layers, they would only contribute to lower injection barriers
as very thin films because the tunneling probability depends on interlayer thickness [114].
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However, it has been shown that even thicker MoO3 films up to 20 nm can be used without
significant change of the overall device performance [16], so that a real charge carrier trans-
port occurs through the interlayer. For this reason, it is all the more important to clarify
the mechanism of hole injection using the example of MoO3.

Figure 4.5a shows current density-voltage (I-V ) characteristics of hole-only devices consist-
ing of 50 nm TCTA deposited between an ITO anode and an Al cathode. An optional
5 nm thin MoO3 interlayer has been included as depicted in the insets. Due to the potential
barrier of more than 2 eV between TCTA and Al for the injection of electrons given by the
difference of the LUMO energy level and work function of both materials, electron injection
from the cathode into the organic layer is improbable. Obviously, the hole injection is sig-
nificantly improved by the thin film of MoO3, since higher current densities of more than
five orders of magnitude are already obtained for low voltages around 2.5 V compared to
I-V characteristics of the device without the interlayer. However, no current flow is detected
for voltages up to 1 V even for the device with MoO3 as displayed in a magnified view in
Figure 4.5b. This is due to the existence of a built-in voltage which first has to be compen-
sated by an external electric field prior to the initial current flow by intrinsic charge carriers.
The magnitude of the built-in potential can not be determined a priori by the work function
difference of the electrodes [115], since potential interface dipoles between the layers have to
be considered. On the contrary, a 50 nm thick CBP film comprising a 5 nm MoO3 interlayer
at both electrodes as depicted in Figure 4.5b leads to an immediate Ohmic behavior at low
voltages as indicated by the dashed line with a slope of nearly one. Obviously, MoO3 enables
comparable electronic conditions at both electrodes, so that the built-in voltage vanishes.
This comparison illustrates that the examination of electrode interfaces are important in
order to predict the internal electric field situation and the mechanism of charge injection.
Inversely, a high work function electrode does not a priori lead to an efficient injection of
charge carriers, as shown for the interface between Au and α-NPD [96]. For this reason, the
interfaces between ITO and MoO3 as well as between MoO3 and TCTA have been examined
by film thickness-dependent measurements of the work function via KP as depicted in Fig-
ure 4.6a. Starting with the work function of ITO of about 4.8 eV it increases sharply and
reaches a value of 6.5 eV after only 2 nm of MoO3 which coincide with the total coverage of
the anode. However, it seemingly takes more than an additional 4 nm for the work function
to saturate at around 6.8-6.9 eV. The orientation of the dipole formed between ITO and the
TMO with the negative side directed to the vacuum indicates an electron transfer from the
electrode to MoO3 which has been evidenced by x-ray photoelectron spectroscopy [92]. The
thin film deposition of TCTA onto 65 nm of MoO3 shown in the right part of Figure 4.6a
is in a similar manner correlated with the formation of an interface dipole within 2 to 4 nm
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of TCTA directing again with its negative part to the TMO. Therefore, an electron transfer
from the hole transport layer (HTL) to MoO3 is expected [116]. The dipole Δ leads to a
potential energy shift of 1.7 eV which is smaller than the shift at the anode. The latter is
considered as the result of the Fermi level alignment between ITO and MoO3. A comparison
to the deposition of an electron transport layer (ETL) like TPBi on 65 nm thick film of MoO3

indicates a similar value for the interfacial dipole of about 1.9 eV as clearly seen in the inset
of Figure 4.6b. Assuming a thickness of the dipole layer around 2-4 nm comparable to the
situation of TCTA, the work function saturates at 5.0 eV after the steep decrease from the
initial value of about 6.9 eV for MoO3. However, Figure 4.6b also displays the buildup of a
giant surface potential for thicker layers of TPBi given by its linear increase and without any
indication of saturation. The surface potential reached 3.1 V for an additional 50 nm thick
film of TPBi after the interface dipole. This corresponds to a gradient of about 0.06 V/nm
which is in good agreement to previous studies on TPBi and Alq3 [117, 118]. The forma-
tion of this giant surface potential is explained by the preferential orientation of the organic
molecules having a permanent dipole moment and has been shown to vanish by electronic
excitation, so that no further consequences are expected within operating devices. In this
case however, a slight interference between the interface dipole and the dipole within the
bulk material takes place, giving rise to some uncertainty in the determination of their val-
ues. Nevertheless, it could be speculated that the deposition of non-doped organic materials
onto MoO3 leads to an interface dipole in the region of 1.5-2 eV as a general feature.
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(b) Model of gap states assisted hole injection through MoO3 according to [109,110].

Figure 4.7a summarizes schematically the results obtained for ITO/MoO3/TCTA and allows
for the interpretation of the hole injection mechanism. Due to the Fermi level pinning at
the electrode, the position of the CB minimum of MoO3 is only 0.2 eV higher than the work
function of ITO. This suggests an efficient electron extraction from the CB into the electrode
rather than a hole injection from the anode into the very deep-lying VB of the TMO, when
positive bias is applied to ITO. The electrons, on the other hand, are generated at the
interface between MoO3 and TCTA with a concomitant injection of holes into the HOMO
level of the HTL. The hole injection barrier ΦB,h amounts to 0.8 eV which is significantly
lower than the barrier between ITO and TCTA of about 1.0 eV by assuming no additional
dipole formation at this direct interface [96]. For comparison, a difference in height of
injection barriers of approximately 0.15 eV already leads to a significant change in the I-V

characteristics of more than two orders of magnitude as shown for MoO3/α-NPD compared
to ITO/α-NPD [119]. Nevertheless, the hole injection via TMOs can not be denoted as
Ohmic. The proposed model of hole injection implies the electron transport within the CB
of MoO3 which is self-evident due to the n-type character of the TMO. By following the
argumentation of [109, 110], however, a gap state assisted hole injection into and transport
through the TMO up to the HTL is suggested which is schematically displayed in Figure 4.7b
for completeness. The hole injection barrier would amount to 0.6 eV and is slightly lower
as stated above since the 0.2 eV higher-lying CB of MoO3 is skipped by this mechanism.
Admittedly, this alternative model presumes the existence of a sufficiently high gap state
density throughout the TMO and additionally, all gap states have to be partially occupied
by electrons for an efficient hole transport, which is at least questionable.
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4.2.2 Electron Blocking

In view of the obsolete values of the electronic structure of MoO3 with EA at 2.3 eV and
IE at 5.3 eV [16, 90, 120], several publications assumed an electron-blocking behavior of the
TMO [90,93,121]. They report on the improvement of device performance by introduction of
a thin film of MoO3 between the active layer and the electrode for OLEDs as well as OSCs.
The enhancement is ascribed to a lower rate of electron recombination at the electrode
which would lead to charge imbalance and lower internal quantum efficiency. Accordingly,
an electron-blocking effect is inferred for MoO3 supposedly having a significant higher lying
CB minimum compared to the LUMO level of the adjacent organic materials. It has been
shown in the previous sections that MoO3 and WO3 exhibit very deep-lying transport levels
and characteristics of n-type doped semiconductors, so that an electron-blocking effect is not
expected.

In order to shed more light on this issue a 5 nm thin film of WO3 has been inserted in
two different positions of a conventional OLED whose layer sequence is shown in the inset of
Figure 4.8a. First, the TMO has been deposited between the hole transport layers TAPC and
TCTA denoted as position A. Assuming the formation of similar interface dipoles between
TMO and organic layers as shown for MoO3/TCTA in the previous section, the hole transport
is barely affected by WO3 according to the new model of hole injection. As schematically
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depicted in Figure 4.8b, holes coming from the anode side through TAPC recombine with
electrons from the WO3 layer which in turn are generated at the TMO/TCTA interface. In
this way, holes reach the Ir(ppy)3 doped TPBi emission layer where they recombine with
electrons from the cathode side causing the green light emission of the OLED. On the other
hand, no light emission has been observed from OLEDs comprising a 5 nm thin film of WO3

which is deposited between the doped and undoped TPBi layers at position B. Additionally,
Figure 4.8a indicates that the current density is more than three orders of magnitude lower
than in the OLEDs with WO3 deposited at position A. Actually, electron-blocking occurs
by the assumption of a similar dipole formation between WO3 and the ETLs as discussed
for the MoO3/TPBi interface in the former subsection. Figure 4.8c schematically shows
how electrons coming from the cathode side and drifting through the undoped TPBi film
drop into the CB of WO3 and accumulate at the interface to TPBi:Ir(ppy)3. The electronic
structure of the dopant has been excluded to simplify matters without loss of information.
Obviously, the interface dipoles are not sufficient to move the LUMO level substantially
closer to the CB minimum of the TMO and to significantly lower the barrier for an efficient
electron injection. As a result, the electron barrier ΦB,e amounts to more than 2 eV and
precludes the injection of electrons into the emission layer so that no light emission results.
Presumably, a leakage current of holes through the emission layer to WO3 takes place and
leads to a small recombination rate at this interface. Accordingly, it has been shown that
not the TMOs but the organic layers adjacent to them are blocking the electrons due to the
energetic offset between their LUMO level and the CB minimum of the oxide layers. Thus, it
has to be checked again whether the explanation of the improvement of device performance
as cited above is still valid. Besides electron-blocking by the combination of TMO and an
organic layer, positive effects on the internal electric field could be considered as exemplarily
shown in the former subsection.

4.2.3 Luminescence Quenching

As previously mentioned, it has been shown that thicker layers of TMOs in OLEDs can be
used not only for efficient hole injection but also for charge carrier transport to the emission
layer. In this way, organic hole transport materials can be substituted by comparably con-
ductive TMOs. For instance, WO3 exhibits conductivity on the order of 1 x 10−6 S/cm [124]
which exceeds the low conductivities of intrinsic organic materials. Note, that the conduc-
tivity can be raised by more than four orders of magnitude via coloration [125] by varying
the amount of W5+ or Mo5+ versus W6+ or Mo6+. Figure 4.9a actually indicates higher
current densities at equal voltages for thicker layers of WO3 which successively substitute
TCTA within the OLED structure as depicted in Figure 4.9b (device structure on the left
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thickness (left) and varying BPhen:Cs2CO3 and TPBi thickness (right).

hand side). Ir(ppy)3 doped TPBi has been used as emission layer (EML). On the other
hand, the current efficiency of the OLEDs measured at 100 cd/m2 decreases with increasing
thickness of the TMO as depicted in Figure 4.10a. Initially, the efficiency amounts to ap-
proximately 35 cd/A at 5 nm of WO3 and slowly decreases to 30 cd/A at a TMO thickness
of 35 nm corresponding to a residual TCTA thickness of 10 nm. By further reducing the
distance between WO3 and TPBi:Ir(ppy)3 the efficiency starts to drop dramatically to lower
values and reaches 0.2 cd/A at direct contact between TMO and EML. To further analyze
this mechanism the EML has been changed to TCTA:Ir(ppy)3. Similar thickness dependent
characteristics of the current efficiency are obtained, though it only drops to approximately
50 % of its initial value at 5 nm of WO3, when again direct contact is established between
the TMO and EML. Accordingly, WO3 apparently leads to strong luminescence quenching.
Though this mechanism is not fully understood in all details, it is assumed that especially
polarons induced by photogeneration, charge injection, or electrochemical doping are respon-
sible for exciton quenching in organic devices [126–129]. This mechanism could also be valid
for WO3, since the quenching-induced current efficiency characteristics obtained by thick-
ness variation of the n-type doped BPhen layer are similar to those of the TMO as shown in
Figure 4.10b. After the complete substitution of TPBi by the n-type doped layer according
to the device structure on the right hand side of Figure 4.9b, the efficiency drops to almost
0 cd/A when TCTA:Ir(ppy)3 is taken as EML. Using TPBi:Ir(ppy)3 the efficiency ends up
at approximately 50 % of its initial value.
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Figure 4.10: Current efficiency versus layer thickness characteristics of OLEDs employing
different emission layers and with concomitant variation of (a) WO3 and TCTA thickness
(b) BPhen:Cs2CO3 and TPBi thickness.

Photoluminescence (PL) measurements on a neat layer of WO3 also indicate luminescence
quenching by the TMO. Figure 4.11a shows that the integral PL intensity starts to signif-
icantly grow at a layer thickness above 4 nm of TPBi:Ir(ppy)3 deposited on top of WO3

due to the quenching of excitons in the vicinity of the TMO. Only at a sufficient distance
between interface and emissive layer the excitons decay radiatively and contribute to photo-
luminescence. The PL spectra were obtained by using a cw HeCd laser (λ = 325 nm) which
simultaneously excited TPBi and Ir(ppy)3 excitons. Still, only qualitative information about
the distance dependence of quenching effects can be gained out of this measurement, since
further analysis needs to be done regarding the exciton transfer rates between host and
dopant on the one hand and between dopant as well as host molecules and quenching film
on the other hand. Figure 4.11b displays selective PL spectra for different thicknesses of
the emission layer. It is particularly noticeable that the quenching occurs without spectral
selectivity, possibly indicating a direct transfer of TPBi excitons to WO3 rather than to
Ir(ppy)3.

The comparison of the results obtained by the thickness variation of WO3 and BPhen:Cs2CO3

with the sequential use of two different emission layers demonstrates that the actual emission
zone is narrowed to only a few nanometers of the respective dye-doped layer and is located at
the TCTA/TPBi interface within the OLED. That is why the current efficiency only drops
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Figure 4.11: (a) Normalized integral PL intensity versus TPBi:Ir(ppy)3 thickness of the
displayed device structure. (b) Normalized PL spectra.

by 50 % when, for instance, WO3 is contacting the TCTA:Ir(ppy)3 emission layer. This is
due to the fact that the emission zone at the interface of TCTA:Ir(ppy)3 and TPBi is actu-
ally an additional 10 nm away from the interface to WO3 as compared to the situation in
which TPBi:Ir(ppy)3 is used as EML. In summary, a distance of approximately 15 to 20 nm
between emission zone and TMOs or electrochemically doped layers is needed to effectively
avoid quenching effects. The energy transfer from excitons to polarons is considered to be
mainly a Förster-type process [130, 131]. However, the distance dependence of the current
efficiency from the quenching layer can not be directly correlated to the corresponding dis-
tance dependency of the Förster transfer mechanism. This can be explained in reference
to the exciton formation zone which, by approximation, locally coincides with the emission
zone at the TCTA/TPBi interface. Due to the offset between the HOMO and LUMO lev-
els of the participating organic materials an accumulation of charge carriers is expected at
the interface. As previously shown, TCTA exhibits a HOMO level at 5.8 eV compared to
that of TPBi at 6.3 eV. Although Ir(ppy)3 is known as hole transport material possessing
a comparably high-lying HOMO level at 5.2 eV [132], a trapping and forming of excitons
directly on the phosphorescent dopant can be estimated to 18 % of the overall recombination
and therefore neglected in the following discussion [133]. Accordingly, the drop in efficiency
within the last 2-4 nm of distance between quenching layer and emission zone must also
be attributed to the decreased charge accumulation due to the absence of complete surface
coverage by the organic spacer. Properties like film morphology and roughness play a role
in these considerations. Interestingly, the current efficiency still amounts to 42 % of the
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maximum value (35 cd/A) at a distance of 4 nm between WO3 and emission zone using
TPBi:Ir(ppy)3. On the other hand, the efficiency drops to only 9 % of its maximum value
for the same distance between BPhen:Cs2CO3 and the emission zone using TCTA:Ir(ppy)3

as shown in Figure 4.10b. The result of this comparison is all the more surprising considering
the existence of an interfacial dipole at the WO3/TCTA interface as inferred in the previous
sections. It could be speculated that this dipole layer leads to additional exciton quenching.
On the other hand, this would have lowered the current efficiency at already higher distances
between WO3 and emission zone. Thus, further experiments are needed to shed more light
on this issue. Finally, the influence of injected charge carriers on polaron quenching has
to be taken into account. It has been shown that quenching of Alq3 emission is caused by
NPB+ radical cations due the excessive hole injection and accumulation near the emission
zone [134]. The same applies for thicker WO3 layers leading to higher hole current densities
and consequently a charge imbalance, since no simultaneous adaption of the BPhen:Cs2CO3

thickness is done. Accordingly, accumulation of excessive holes at the TCTA/TPBi interface
has to be expected which additionally lowers the current efficiency.

4.3 Conclusion

In this chapter, the transition metal oxides, namely MoO3 and WO3, were studied referring
to their electronic structure and functionality in OLEDs. UPS and IPES measurements
revealed their IE and EA to be actually 4 eV deeper than previously published. MoO3 and
WO3 exhibit an EA of about 6.7 eV and 6.5 eV and an IE around 9.7 and 9.8 eV, respec-
tively. The dramatic discrepancy between the reported and measured values was attributed
to varying deposition and measurement conditions. Different base pressures were expected
to influence the work function of the TMOs due to the time dependent surface adsorption of
contaminants demonstrated by KP measurements. In addition, it was clarified that MoO3

and WO3 represent n-type semiconductors due to the energetic proximity of their Fermi
levels to the respective CB minimum. The n-type doping of the TMOs was explained by the
existence of oxygen vacancies which arise out of the thermal evaporation process. They are
also responsible for their photochromic properties.
Moreover, a new model of hole injection by neat layers of MoO3 was inferred. The enhance-
ment of hole injection by the TMO was explained by the formation of large interface dipoles
between ITO anode and TMO as well as MoO3 and the adjacent organic hole transport
layer. Accordingly, evidence was provided for hole injection via electron extraction from the
TCTA HOMO level through the MoO3 conduction band. Furthermore, reports on apparent
electron-blocking by TMOs in organic devices were revised. It was demonstrated that WO3
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alone can not block electrons. Electron blocking was achieved only in combination with or-
ganic materials possessing a low EA which, despite the formation of a large interface dipole,
leads to an appreciable energetic offset between CB minimum and LUMO level. Finally,
luminescence quenching by TMOs was studied with the variation of the WO3 thickness in
OLEDs and compared with exciton quenching by Cs2CO3 doped BPhen. It turned out that
the real emission zone in those OLEDs using Ir(ppy)3 as phosphorescent dopant is narrowed
and located at the TCTA/TPBi interface so that strong luminescence quenching occurred in
its immediate vicinity to the quenching layer. A minimum distance of 15 to 20 nm between
emission zone and TMO was inferred to obtain high current efficiencies. However, additional
studies are required to reveal the actual exciton quenching mechanism which could not be
completely revealed due to interfering effects within the OLED structure.
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MoO3 and Cs2CO3

Electrochemical doping of organic materials is an important technique to increase the ef-
ficiency of OLEDs. In this way, not only the charge carrier injection properties of doped
materials can be improved but also their bulk conductivity as explained in Section 2.2.3.
After having clarified the electronic structure of TMOs and their functionality as neat layers
in organic devices, their suitability for p-type doping of organic materials will be studied
in this chapter. Specifically, MoO3 will be investigated as p-type dopant. Since the dop-
ing efficiency not only depends on the acceptor but also on the respective host material
and their interaction, different p-doped organic materials will be compared at the end of
this chapter. Referring to ambipolar wide band gap organic materials, it is also necessary
to study the possibility of their n-type doping. For that purpose, Cs2CO3 will be used as
dopant in different host materials. Initially, the electronic properties of the p- and n-doped
layers are investigated. Then, the impact of doping on electrical, morphological and optical
characteristics is analyzed and finally, the doping-induced free charge carrier densities are
measured.

5.1 P-Type Doping of CBP by MoO3

P-type doping of organic hole transport materials by F4-TCNQ is well-known. For instance,
it has been shown that only a small mol % of dopant molecules is sufficient to achieve high
free hole densities around 1019-1020 cm−3 in starburst amines like TDATA or in zinc phthalo-
cyanine (ZnPc) [44]. This is explained by the energy level alignment between the LUMO level
of the acceptor molecule F4-TCNQ lying at 5.24 eV and the HOMO level of the respective
organic material. ZnPc exhibits a HOMO level at 5.28 eV, so that the transfer of an electron
from the HOMO of the host molecule to the LUMO of the dopant molecule is energetically
favorable [38]. The p-type doping of organic wide band gap materials with deeper-lying
HOMO levels using F4-TCNQ, however, is comparably inefficient as demonstrated by dop-
ing of TPD and TCTA which exhibit a HOMO level of 5.4 and 5.8 eV, respectively [44,135].
Only a partial electron transfer from these hosts to acceptor molecules takes place. On the

60
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other hand, almost simultaneously with the introduction of neat TMO layers in OLEDs, first
demonstrations of p-type doping by these oxides have emerged. Organic hole transport mate-
rials such as 2-TNATA, NPB and m-MTDATA were successfully doped by TMOs like WO3,
MoO3 and ReO3 [17,18,136–138]. All these hole transport materials, however, are known for
their low IE around 5.1-5.2 eV [123,139]. Due to the deep-lying CB minimum of MoO3 and
WO3 as revealed in the previous chapter, it should also be possible to p-type dope organic
materials like TCTA with a considerably higher IE of about 5.8 eV. A carboxyl-derivate of
TCTA, namely CBP, even exhibits a HOMO level at 6.3 eV according to literature [123].
It has been widely used as a host material for phosphorescent dopants like Ir(ppy)3 and
has led in this combination to the highest efficiencies of monochrome OLEDs to date [4].
Moreover, CBP is known as ambipolar material allowing for the transport of both holes
and electrons. In addition, it possesses comparably high charge carrier mobilities around
10−4-10−3 cm2/Vs [140]. It is conceivable to use this organic material as an electrochemi-
cally doped injection and transport layer for holes and electrons, providing the possibility to
reduce the complexity of organic devices. Thus, the p-type doping of organic host materials
by TMOs will be exemplified by the study on MoO3 doped CBP in the following sections.

5.1.1 Analysis of P-Type Doping via UPS and KP

KP analysis of electrochemically doped organic semiconductors is a proven tool for the
determination of their Fermi levels [141]. The incremental shift of the Fermi level toward
the transport state by higher doping concentrations indicates the sign and amount of the
generated free charge carriers. Figure 5.1a exemplarily shows the results of the doping of
TCTA by WO3 (molecular weight: 231.85 g/mole). Different doping concentrations of WO3

in TCTA were prepared by the co-evaporation onto ITO. The respective film thickness of
the doped layers was kept constant at 30 nm (inset of Figure 5.1a). The work function of
completely undoped TCTA apparently yields a value of 4.8 eV. Normally, the Fermi level
of an intrinsic semiconductor should be expected in the middle of its band gap which, in
this case, would be at 4 eV. Due to the fact that the organic material exhibits a very low
charge carrier density it can be inferred that no Fermi level alignment between ITO and
TCTA is achieved within a layer thickness of 30 nm [142]. Furthermore, the measured
work function confirms the assumption made in Section 4.2.1 that no significant interface
dipole arises between ITO and TCTA. Thus, the value represents the slightly modified work
function of ITO which usually amounts to 4.7 eV. The low doping concentration of 0.3 vol %
of WO3 is already sufficient for Fermi level alignment as will be discussed in Section 5.3.2
and leads to an instant increase of the work function to 5.2 eV. This is a clear indication of
p-type doping due to the Fermi level shift towards the HOMO level of TCTA. Higher doping
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Figure 5.1: KP analysis of the doping concentration-dependent work function characteristics
of TCTA:WO3 on ITO. (a) WO3 concentration given in vol %. Inset: layer sequence of
analyzed structure. (b) (WO3)3 concentration given in mol %. Inset: geometry of WO3

trimers according to [143,144].

concentrations evoke an additional slight linear increase of the work function. At 67 vol % of
the TMO within the doped layer, the work function characteristics, however, change due to
the increasing interference with the bulk properties of WO3. In the end, the work function
again amounts to 6.75 eV for the neat TMO film.

In order to analyze the mechanism of doping, the knowledge of the respective amount of WO3

incorporated into the organic film is of high importance. The thermal evaporation of MoO3

from a Knudsen cell was analyzed by mass spectroscopy by Berkowitz et al [145]. They found
that the major part of the vapor consists of (MoO3)3 clusters. That also applies to WO3

due to the similar valence orbital structure of the transition metal atom and the preferential
formation of trimers against other clusters as demonstrated by DFT calculations [143]. The
inset of Figure 5.1b displays the energetically favored geometry of (WO3)3. Additionally,
it was shown that the (WO3)3 clusters resemble the bulk oxide in its electronic structure
independent of the level of clustering, and even the energetic band gaps of the tungsten
and molybdenum anionic trimers correspond to those of the neutral bulk oxides so that no
change in electronic structure is supposed [143,144]. Thus, in the following it is assumed that
mainly (WO3)3 and (MoO3)3 clusters are incorporated in organic materials so that actually
an electron transfer to trimers takes place by p-type doping. Accordingly, the abbreviations
predominantly employed in this work, namely MoO3 and WO3 stand for the existence of
trimers, which has to be considered in the declaration of the molar ratios. The material
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Figure 5.2: (a) UPS spectra of MoO3 doped CBP layers deposited on ITO for various trimer
concentrations. (b) Energy difference between Fermi level and HOMO edge versus trimer
concentration. The dashed lines act only as visual guidelines. Inset: schematic of the Fermi
level shift toward HOMO edge upon p-type doping of CBP.

density of evaporated WO3 of about 6.5 g/cm3 has been used for the calculation of the
molar ratio [107], which is in this work generally expressed in terms of [(WO3)3]/([(WO3)3] +
[TCTA]). As a result, Figure 5.1b displays the trimer concentration-dependent work function
characteristic which is qualitatively the same as compared with the evolution shown in
Figure 5.1a.

UPS measurements on MoO3 (molecular weight[monomer]: 143.93 g/mole) doped CBP were
done to further analyze the p-type doping and exclude the influence of bulk properties of the
TMO on the Fermi level shift for increasing acceptor concentrations. The advantage over KP
analysis is provided by the fact that not only the work function but also the valence states
including the HOMO edge are recorded by UPS, telling more about the chemical constitution
of the host material upon doping. A chemical reaction leading to the reorganization of the
molecular orbital would be reflected in the UPS spectrum. Figure 5.2a shows the UPS spectra
of 10 nm thick CBP layers doped by different concentrations of (MoO3)3 and deposited
onto ITO. Thereby, the bulk density of amorphous evaporated MoO3 was considered to be
4.1 g/cm3 according to [9]. The center plot of 5.2a represents the full valence spectrum
recorded on the He I line excitation. A magnified view on the photoemission onset region
and the HOMO region of the spectra are displayed on the left and right side, respectively.
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Again, the work function measured for the undoped organic film is attributed to the ITO
layer and amounts to 4.62 eV corresponding to the secondary-electron cutoff at -16.6 eV with
respect to the Fermi level. The HOMO edge is approximated to -1.54 eV and corresponds
to a HOMO level at 6.16 eV which is in accordance with published values for CBP [123].
It can be observed that the whole valence spectrum shifts upon doping to lower energies
indicating higher work functions and energetically constant HOMO levels. Furthermore,
no significant change within the spectral features occurred upon doping so that a chemical
reaction can be excluded. Even a molar doping concentration of 20.1 % does not convert
the valence spectrum of CBP into that of the TMO which precludes the influence of bulk-
like MoO3 on the work function to this molar ratio. Figure 5.2b summarizes the results
of the UPS measurements showing how the energy difference between the Fermi level EF

and the HOMO edge depends on the trimer concentration. Thereby, two different slopes
have to be distinguished. For very low concentrations the Fermi level rapidly shifts to the
hole transport level of the organic semiconductor. In the region between 1 and 2 mol % the
slope decreases more or less abruptly, leading to a slower shift of the Fermi level for higher
dopant concentrations. An explanation for this behavior is given by the consideration of
the Gaussian-distributed density of states (DOS) at the HOMO level [101]. As discussed in
Section 2.2.1, structural disorder in amorphous organic films causes energetic disorder due to
locally varying polarization effects. This leads to the formation of the Gaussian-distributed
DOS. The HOMO edge is usually positioned at the beginning of the tail states extending
into the band gap as schematically depicted in the inset of Figure 5.2b. For this reason, holes
generated by doping initially fill the tail states in the gap. Due to their low density g(E) they
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are easily filled by the number of charge carriers. Consequently, the Fermi level rapidly shifts
toward the HOMO edge. The density of tail states, however, shows a Gaussian increase upon
approaching the HOMO level so that their filling requires an increasingly higher number of
generated free charge carriers. Accordingly, the Fermi level shifts only slightly in the second
part at higher doping concentrations. Thus, an apparent Fermi level pinning occurs at 0.5 eV
above the HOMO edge of CBP.

Finally, Figure 5.3 compares the work function characteristics obtained by UPS and KP
measurements, respectively. Note that the KP analysis was made on MoO3 doped CBP
layers having an integral thickness of more than 40 nm. The very good correlation of the
results again certifies the KP analysis to be an appropriate tool for the examination of
electrochemical doping.

5.1.2 Impact of P-Type Doping on the Properties of CBP

After the demonstration of p-type doping by MoO3 via KP analysis and UPS, its impact on
the electrical, morphological and optical properties of CBP will be discussed in the following.
Most notably, an increase of the conductivity with higher doping concentrations has to be
expected due to elevated free charge carrier densities. The device structure comprising a
50 nm thick CBP and two 5 nm thick MoO3 layers (already shown in Figure 4.5b) has
been used to analyze the relationship between (MoO3)3 concentration and conductivity. As
discussed in Section 4.2.1, the deposition of the neat MoO3 layers at both electrodes leads to
a negligible built-in voltage in those hole-only devices. Accordingly, the I-V characteristics
of the device directly correlate with the applied voltage. The voltage drop, thereby, has been
completely attributed to occur at the (un)doped CBP layer. Figure 5.4a shows the resulting
characteristics of current density versus electric field for various doping concentrations. Upon
the addition of MoO3, the current of the device is increased by about four orders of magnitude
in the low bias regime. At low electric fields the doping-induced free hole density largely
outnumbers the charges that are injected from the contacts leading to an Ohmic current.
Accordingly, the value of the conductivity for each doping concentration can be simply
obtained out of the slope of the current density characteristics. Figure 5.4b summarizes the
conductivities including the value for the neat MoO3 layer of around 4 x 10−7 S/cm. Similar
to the work function characteristics discussed in the previous section, two different slopes
can be distinguished. The inset of Figure 5.4b shows that at low doping concentrations the
conductivity increases superlinearly as clearly indicated by the double-logarithm plot and
the linear fit of the values yielding a slope of 2.7. In the second regime, from approximately
2 mol % up to higher doping concentrations of around 20 mol %, the conductivity increases
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Figure 5.4: Electrical characteristics of hole-only devices comprising 50 nm thick CBP:MoO3

layers for various doping concentrations (device structure shown in 4.5b). (a) Current den-
sity versus external electric field characteristics. (b) Conductivity versus (MoO3)3 concen-
tration. The dashed lines are guidelines. Inset: double-logarithm plot and linear fit of the
values for low doping concentrations.

only linearly and slightly exceeds the value of the neat TMO film.

The superlinear increase of the conductivity σ at low doping concentrations has been al-
ready shown for the p-type doping of organic small molecule materials and polymers and is
mainly explained by the concomitant elevation of the free hole density and charge carrier
mobility [146–148]. The filling of energetically deep-lying tail states by doping-induced holes
lowers their influence on the current by trapping charge carriers and consequently leads to
an increase of the overall mobility. Additionally, the Fermi level successively shifts toward
the transport level as seen in the previous section, so that the hopping rate increases due to
the increased density of states. The comparison of the mobilities for different doping concen-
trations in this examination indicates similar characteristics. In anticipation of the results
of Section 5.3.2 regarding the free hole density p in CBP:MoO3 it is possible to roughly
estimate the mobility μ according to

σ = pqμ. (5.1)

For instance, the mobility yields 2 x 10−7 cm2/Vs for a charge carrier density of about
1.5 x 1018 cm−3 at a doping concentration of 2.3 mol %, whereas the mobility only amounts
to 3.3 x 10−10 cm2/Vs for a charge carrier density of about 3 x 1017 cm−3 at 0.4 mol %.
These values, however, are significantly lower than the hole mobility of the undoped CBP
layer which was reported to be at 2 x 10−3 cm2/Vs [140]. The comparison of the carrier
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mobility in the organic polymer RR-P3HT by both field-effect and electrochemical doping
indicated an additional lowering influence of more than three orders of magnitude on the
mobility for the latter mechanism of charge carrier creation [149]. As opposed to the mere
injection of charge carriers into the bulk material, Coulomb potentials of dopant ions are
formed upon charge transfer from host to acceptor molecules. Accordingly, although charge
carriers are induced by the doping mechanism, they possibly remain trapped at the host
molecules due to the Coulomb attraction by the ionized dopants. This leads to the formation
of charge transfer complexes rather than free carriers. The Coulomb trapping is facilitated
by the low dielectric constant of organic materials of ε ≈ 3 hampering the dissociation of
the charge transfer complexes due to the long range of the Coulomb potential. At higher
doping concentrations, however, the Coulomb potentials increasingly overlap with each other
leading to a smoothing of the ”potential landscape” and accordingly, to a relaxed impact
of charge trapping [39]. For this reason, the mobility starts to increase steeply. At very
high molar doping ratios the mobility is expected to decrease, since the increasing amount
of dopant molecules causes a larger distance between the host molecules which lowers the
hopping rate of charge carriers. In summary, the mobility of doped CBP layers initially
drops to significantly lower values and steeply increases for higher doping concentrations.
The characteristics of the charge carrier density upon doping will be discussed in detail in
Section 5.3.2 and 5.4.

The model of Coulomb trapping can also be expressed by the width of the DOS. The in-
sertion and ionization of dopant molecules induces Coulomb potentials. Still, it depends on
the nature of the intrinsic DOS of the host material whether the Coulomb potentials cause
a broadening of the intrinsic DOS corresponding to the introduction of additional deep trap
states which would lower the mobility. Amorphous organic materials already exhibit a DOS
with a significant width due to energetic disorder. Thus, the effect of additional Coulomb
trapping is expected to be lower than for crystalline materials possessing a narrow intrinsic
DOS [39]. Actually, a neat layer of CBP deposited on ITO seems to be polycrystalline as
indicated by the atomic force microscopy (AFM) image of its surface shown in Figure 5.5a.
The rms roughness is approximately 3.1 nm. Additionally, the formation of grain-like do-
mains in the dimension of 0.5 x 0.5 μm2 is clearly observed. Figure 5.5b indicates that a
doping concentration of 1.8 mol % by MoO3 already leads to a significant change of the
surface morphology. Though the rms roughness stays high at 3-4 nm, the grain structures
shrink in the planar dimensions with a higher doping concentration as shown by the AFM
images in Figure 5.5b and c where the molar ratio of dopant to host+dopant molecules
reaches 17.7 %. In contrast, a neat MoO3 layer is completely amorphous and exhibits a
small rms roughness of approximately 1.4 nm as displayed in Figure 5.5d. Note that this
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(a) (b)

(c) (d)

Figure 5.5: 5 x 5 μm2 AFM images of (a) a neat CBP layer, (b) a CBP layer doped by
1.8 mol % of MoO3, (c) a CBP layer doped by 17.7 mol % of MoO3 and (d) a neat MoO3

layer. All layers were deposited on ITO and measured in ambient air.

layer is also deposited onto ITO so that the surface structure is partially a consequence
of the morphology underneath. Accordingly, the change in morphology could additionally
influence the charge carrier mobility for different doping concentrations.

The change in morphology is accompanied by a change of the refractive index. In Fig-
ure 5.6a, the refractive indices at 550 nm spectral wavelength of CBP layers with varied
doping concentrations including the neat CBP and MoO3 films are summarized. All films
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Figure 5.6: (a) Refractive index at 550 nm spectral wavelength versus doping concentration
of CBP:MoO3 layers on Si substrates. (b) Normalized PL spectra of a neat CBP layer and
a MoO3 doped CBP (22.4 mol %) film. Note that the absolute values of the PL intensity of
the doped CBP layer decreased to around 2 % of the initial values given for the neat layer.

were deposited on cleaned Si substrates and measured by ellipsometry. The mutation of
the morphology at already low doping concentrations of around 2 mol % observed in the
AFM images is also expressed by the abrupt rise of the refractive index from 1.8 for the neat
CBP film to 1.86. This change indicates the formation of a bulk material with a slightly
higher density. The refractive index then remains constant for higher doping concentrations
up to 20 mol % and again starts to increase at a molar ratio of 50 % due to the elevated
amount of MoO3 within the mixed layer. The refractive index of the neat TMO film has
been determined to be 2.1 at 550 nm wavelength.

The p-type doping of CBP by MoO3 also has an influence on the absorption and emission
properties of the host material. As already discussed in Section 4.2.3, luminescence quenching
is caused by doped organic layers or even neat TMO films deposited in the vicinity of the
emission zone. Accordingly, their impact on the emission characteristics can be easily studied
by PL analysis. Figure 5.6b compares the normalized PL intensities of a non-doped and
doped CBP layer. Both have a thickness of 50 nm and were excited by a cw HeCd laser
at λ = 325 nm in vacuum. The PL intensity of the neat CBP layer at its peak emission
wavelength of around 402 nm decreases to 2 % of the initial value for the 22.4 mol % doped
film. Moreover, the PL emission spectrum of CBP:MoO3 appears to be slightly blue shifted
and narrowed. Accordingly, an additional wavelength-dependent exciton quenching takes
place which was also observed at early stages of electrochemical doping of polymers [126].
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Figure 5.7: UV-Vis-NIR absorption spectra of MoO3, CBP and MoO3 doped CBP layers
with varying doping concentration. The spectrum of the CBP layer with the highest doping
concentration is highlighted by using another color. (a) UV-Vis-NIR spectra. The spectral
absorption features of the sample with the highest doping concentration are assigned to the
respective polarons. (b) Magnified view on the UV-Vis spectra from 280 to 570 nm.

This has to be attributed to the formation of charge transfer complexes between the host
and acceptor molecules. The transfer of an electron from the HOMO level of CBP into the
conduction band of MoO3 corresponds to the generation of a cation and anion, respectively.
These ions polarize the surrounding neutral molecules and concomitantly lower the potential
energy of the charge carriers as discussed in Section 2.1. Considering the ion as a polaron,
two different polaron absorption features arise and are usually located in the near-infrared
and visible regions of the spectrum, respectively [128]. Assuming a Förster transfer between
excitons and polarons [130,131], it is evident that the spectral overlap of their emission and
absorption spectrum determines the quenching efficiency. Accordingly, an additional polaron
absorption band around 400 to 500 nm is supposed to be the reason for the qualitatively
lower PL intensity in this region for the doped CBP layer.

To obtain more detailed information about the optical properties of the doped CBP layers
compared to those of the neat films of CBP and MoO3, their UV-Vis-NIR absorption spectra
were measured. Figure 5.7a shows the spectra using the absorption coefficient as a measure
which is free from variations due to slightly different film thicknesses around 40 to 60 nm.
All layers were deposited on borofloat-glass substrates and their absorption spectra were
obtained using an uncoated substrate as reference. First, Figure 5.7a demonstrates that
the neat CBP layer exhibits a lower absorption coefficient than the TMO film for almost
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all spectral wavelengths. Moreover, CBP seems to possess an additional absorption band
between 500 and 1000 nm as opposed to the doped CBP layers. However, this should be
attributed to a strong scattering due to its polycrystalline structure rather than being a real
material absorption. As already demonstrated by the AFM measurements in Figure 5.5, its
morphology abruptly changes upon doping by MoO3 leading to an apparently lower absorp-
tion. By raising the doping concentration from 4.6 mol % to 49.6 mol %, the absorption
coefficients increase within a broad spectral range from 500 nm to more than 2000 nm and
partially exceed those of the neat MoO3 film. At the same time, the fundamental absorption
of CBP expectedly diminishes as indicated by the magnified view on the spectrum around
300 to 350 nm in Figure 5.7b. Addionally, a polaron absorption band can directly be ob-
served around 400 to 500 nm for highly doped CBP layers with a doping molar concentration
ratio of 17.7 and 49.6 % shown in the right part of Figure 5.7b. A similar absorption feature
at these spectral wavelengths has been observed for several TMO doped organic hole trans-
port layers and is attributed to the formation of charge transfer complexes [136–138]. The
assignment of the respective absorption band to the cation or anion of the charge transfer
complex is only possible with comparative polaron absorption measurements on hole-only or
electron-only devices [150]. Such a measurement on S-2CBP, which is a derivative of CBP,
delivered a polaron absorption feature with a maximum polaron cross section at approxi-
mately 500 nm [151] in the case of the injection of holes into the layer. Accordingly, the
polaron absorption band around 400 to 500 nm observed in the UV-Vis-NIR measurements
must be attributed to the cation of CBP. The existence of a second cationic absorption fea-
ture located in the NIR region of the spectrum has been also reported in several publications
about TMO doped organic HTLs [135, 137, 138]. In the present case of MoO3 doped CBP,
such a signal is only weakly visible from 1500 to 2000 nm for the sample with the highest
doping concentration due to the superimposition by the broad absorption spectrum of the
counterion (MoO3)3

−. Its maximum wavelength is located at 825 nm and therefore could be
attributed to the photochromic absorption band of MoO3, which actually should increase in
intensity with a higher doping concentration and concomitant electron transfer to the TMO
molecules. A similar absorption spectrum of WO3 doped 2-TNATA was shown by Chang
et al. without discussing the three spectral features observed there [17]. Accordingly, the
study of the optical absorption of MoO3 doped CBP proved that a charge transfer upon
p-type doping occurs leading to the formation of anionic (MoO3)3 and cationic CBP which
additionally quenches the excitons in the range from 400 to 500 nm.
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5.2 N-Type Doping of CBP by Cs2CO3

After having demonstrated the p-type doping of CBP by MoO3 in the previous sections, the
n-type doping of the same host material by Cs2CO3 will be discussed in the following. It has
already been shown that ambipolar materials such as Pentacen and ZnPc allow for the p-
and n-type doping by organic acceptors and donors, respectively [50,52]. An unintentionally
doped layer of Pentacen showing properties of a hole transport layer was successfully n-doped
by CoCp∗

2 changing the polarity of majority carriers within the bulk material from positive
to negative [82]. Moreover, it has been demonstrated by improved I-V characteristics of
electron-only devices that MADN, as another ambipolar material, can be n-type doped by
Cs2CO3 [152]. To further verify the mechanism of n-doping by the Cs salt, a short analysis of
the electronic properties of CBP upon doping with Cs2CO3 will be given first. This is all the
more important due to the controversial discussion going on about the origin of the doping
effect by the Cs salt. Therefore, a further attempt to clarify this issue will be demonstrated
by photoelectron spectroscopy, taking the current reports on the potential mechanism of the
n-type doping into account. Finally, the impact on the properties of CBP upon doping with
Cs2CO3 will be demonstrated.

5.2.1 Analysis of N-Type Doping by UPS, IPES and KP

According to the effects on the electronic characteristics upon p-type doping obtained in
Section 5.1.1, a corresponding Fermi level shift toward the electron transport level should
be expected by the donor insertion indicating the filling of the energetically deeper-lying
tail states by electrons. Figure 5.8a shows the work function characteristics of a CBP layer
measured by KP method depending on its thickness. The deposition of a non-doped CBP
film on ITO provides a small work function shift from 4.6 to 4.8 eV within the first 5 Å which
is attributed to a negligible interface dipole. Even thicker layers of CBP up to 140 Å do
not induce a significant work function shift due to the small intrinsic charge carrier density
within the bulk material. However, the subsequent evaporation of Cs2CO3 doped CBP leads
to a thickness-dependent work function shift towards lower values. Considering the material
density of the dopant of 4.07 g/cm3 [153] the mixed layer exhibited a molar concentration
of 10.2 %. The work function drops by 1.4 eV upon deposition of only 15 Å of the doped
layer and saturates at around 2.3 eV after the evaporation of an additional 190 Å thick
film. Apparently, the Fermi level shifts toward the vacuum level at 0 eV as a consequence
of the n-type doping. Comparing the saturated work function with the commonly reported
LUMO level of CBP of around 3.2 eV [123, 154], the discrepancy of these values becomes
obvious. Such a relation between Fermi and electron transport level is only known for
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Figure 5.8: (a) Thickness-dependent work function characteristics of undoped and Cs2CO3

doped CBP layer on ITO measured by KP. Inset: layer sequence of analyzed structure. (b)
UPS and IPES spectrum of undoped and UPS spectrum of Cs2CO3 doped CBP layer on
ITO. Inset: schematic of the electronic structure of CBP:Cs2CO3.

inorganic semiconductors defined as degenerate due to very high doping concentrations [34].
The origin of this discrepancy originates from the erroneous calculation of the LUMO level
by subtracting the optical band gap energy (3.1 eV) from the IE (6.3 eV) of CBP. Therefore,
UPS and IPES measurements were conducted to clarify the energetic relation of Fermi und
LUMO levels in Cs2CO3 doped CBP. Figure 5.8b displays the UPS spectra of 20 nm thick
doped and 7.5 nm thick undoped CBP layer as well as the IPES spectrum of the latter film
deposited on ITO. Referring to the neat film of CBP, the secondary-electron cutoff of the
UPS spectrum at -16.5 eV corresponds to a work function of 4.72 eV which is again attributed
to the ITO layer and the small dipole formed at its surface. The HOMO edge at -1.29 eV
indicates an IE of 6.01 eV which is slightly lower than the value reported in Section 5.1.1, still
lying in the range of uncertainty of UPS measurements as denoted in Section 3.3.1. The most
interesting feature is given by the IPES spectrum. The LUMO edge is thereby determined at
2.79 eV w.r.t. EF corresponding to an EA of about 1.93 eV. Accordingly, the transport band
gap is approximately 1 eV larger than the optical band gap. Note however that UPS and
IPES are surface sensitive techniques and do not reflect the polarization effects within the
bulk material. Therefore the transport band gap energy is slightly larger at the surface than
in the bulk material [63]. The whole UPS spectrum of the n-type doped layer with a molar
ratio of 24 % of Cs2CO3 to CBP+Cs2CO3 is shifted by 2.56 eV to higher binding energies
compared to that of the undoped layer indicating a strong n-type doping effect. The slightly
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Figure 5.9: Thermal evaporation of Cs2CO3 in the UHV chamber. (a) Background pressure
versus evaporation rate. (b) Heating temperature-dependent characteristics of the evapora-
tion rate.

smaller work function obtained by photoelectron spectroscopy compared to that measured
by KP is due to the higher doping concentration moving the Fermi level further toward
the LUMO level. Accordingly, the Fermi level is pinned approximately 0.2-0.3 eV below
the LUMO edge, assuming no change of its energetic position upon doping (similar to the
HOMO edge of the doped film remaining almost constant at 6.03 eV). The schematic of the
electronic structure of CBP:Cs2CO3 in the inset of Figure 5.8b summarizes the results.

Neither additional gap states as observed for high doping concentrations in BCP:Li or
Alq3:Cs layers [56, 59] nor other indications of spectral modification upon doping were ob-
served within the UPS analysis. That raises the question of how the n-type doping by the
Cs salt actually occurs. The Cs-derivative comprises two Cs cations (2 Cs+) and one doubly
charged carbonate anion (CO3

2−) per molecule, so that an electron transfer could be only
expected from the latter ion to the organic molecules. However, Li et al. demonstrated via
quartz crystal microbalance analysis that the vacuum thermal deposition of Cs2CO3 leads
to a decomposition of the Cs salt as opposed to the evaporation of other thermally stable
electron injection materials such as LiF and CsF [155]. They proposed a reaction equation
in which Cs2CO3 decomposes to metallic Cs and molecular oxygen as well as carbon dioxide.
The metallic Cs is assumed to form a low electron injection barrier at the cathode interface
when evaporated onto the organic layer. Figure 5.9a shows the relationship between the back-
ground pressure measured by a highly sensitive full-range vacuum gauge and the evaporation
rate of Cs2CO3 determined by a calibrated quartz crystal microbalance in the evaporation
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Figure 5.10: Thermal evaporation of Cs2CO3 on SiOx. (a) UPS spectra of Si substrate and
of a thin film of Cs2CO3 at two different points in time. (b) IPES spectrum of Cs2CO3. Note
that EA has been calculated by using WF1st = 1.54 eV.

chamber used for n-type doping in this work. Actually, the pressure increases by almost one
order of magnitude for ascending evaporation rates from 3 x 10−4 Å/s to 5 x 10−2 Å/s . This
increase in background pressure is significant and very high compared to the evaporation
of organic materials or transition metal oxides and could also be seen as indicator for the
decomposition of Cs2CO3 during thermal evaporation. Note that these characteristics are
obtained within the same run and could slightly deviate quantitatively depending on the
respective base pressure at the beginning and the conditions at the co-evaporation with or-
ganic materials. The temperature-dependent evaporation rate characteristics of Cs2CO3 are
shown in Figure 5.9b. The characteristics have been found to follow an exponential growth
given by the equation

y = A × 10Bx (5.2)

where A and B represent constants obtained by the fit. The standard deviation of the mea-
sured evaporation rates increases at lower temperatures possibly indicating a change in the
decomposition process or at least the measuring limit of the quartz crystal method. There-
fore, UPS and IPES measurements were conducted on the evaporated species of Cs2CO3 to
shed more light on this issue.

Figure 5.10a shows the UPS spectra obtained from the clean surface of a Si substrate and
from a 22.5 Å thick film of the Cs2CO3 species deposited on this sample and recorded by
the excitation with the He I line at two different points in time. The UPS spectrum of the



76 5 Electrochemical Doping of Organic Semiconductors by MoO3 and Cs2CO3

Si substrate basically stems from the native oxide which is inevitably formed prior to the
insertion into the UHV system. It changes upon evaporation of the Cs2CO3 species, clearly
indicating the sticking of and coverage by the n-type dopant. First of all, no signal around the
Fermi level is observed in the two measurements. Assuming the decomposition into metallic
Cs, an exponential signal characteristic corresponding to the Fermi edge would have been
expected around the binding energy of 0 eV. Accordingly, the observation casts some doubt
on the published hypothesis about the decomposition process. In fact, other groups reported
on the decomposition of Cs2CO3 into Cs2O and several suboxides such as cesium peroxide
(Cs2O2) leading to an n-type doping of the cesium oxide semiconductor and very low work
functions in the range of 1 and 2.2 eV [156,157]. Not only the evaporation but also the thermal
annealing of solution-processed Cs2CO3 at 150°C supposedly causes its decomposition into
the n-type doped semiconductor improving the performance of organic solar cells by the
work function modification at the cathode [156]. The UPS spectra shown in Figure 5.10a also
provide a low work function of WF1st = 1.54 eV in the first measurement and WF2nd = 2.02 eV
in a further measurement conducted approximately 18 hours later after the storage of the
sample within the analysis chamber. The variation in work function could be compared with
observations made by Cs oxidation. Based on those experiments, the work function depends
on the extent of O2 exposure leading to different stages of Cs oxide formation and respective
inclusion of oxygen below the layer surface [158]. Consequently, a degassing of the sample
could have occurred overnight. Considering the UPS spectrum of the first measurement in
Figure 5.10a, the valence band edge at -4.63 eV with respect to the Fermi level corresponds
to an IE of 6.17 eV. At the same time, the IPES measurement shown in Figure 5.10b provides
a conduction band edge at 1.07 eV. Referring to the first UPS spectrum of the Cs2CO3 layer
with WF1st = 1.54 eV, this value corresponds to an extremely low EA of 0.47 eV. For this
reason, the electronic structure indicates a heavily n-type doped semiconductor in which
the Fermi level lies only 1.1 eV below the EA. Huang et al. demonstrated by thickness and
substrate variation that the low work function is an intrinsic property of the evaporated
Cs2CO3 layer and not a surface phenomenon given by any interface dipoles [156]. On the
other hand, using UPS on a Cs2CO3 layer deposited on a cleaned Ag surface, they found an IE
of about 3.9 eV, which completely differs from the value obtained in this work. Additionally,
not only was the work function apparently changed upon storage in the analysis chamber, but
also the electronic structure since the determination of the IE afterwards provided a higher
value by 0.4 eV as also shown in Figure 5.10a. Assuming instability of the Cs oxide species
as indicated by this experiment, it is possible that the highly energetic photon and electron
radiation used in the UPS and IPES could also influence the chemical bonds of Cs to oxygen.
Finally, it has to be noted that Wu et al. found qualitative differences in the valence spectra
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obtained for evaporated Cs2CO3 and Cs2O by UPS and observed a clear signal from carbon
in x-ray photoelectron spectroscopy measurements on evaporated Cs2CO3 layers as opposed
to the analysis of oxidized Cs [155]. Thus, they concluded that no decomposition of Cs2CO3

takes place upon evaporation. The decomposition and formation of Cs cations would only
occur in contact with organic molecules like Alq3 leading to its n-type doping [155,159].

In conclusion, it remains difficult to specify unambiguously the n-type doping mechanism
upon co-evaporation with Cs2CO3. For reasons of simplicity, the molar doping concentrations
of Cs2CO3 will be given by assuming no decomposition of the n-type dopant in the following.
It is all the more important to further prove the n-type doping by the Cs salt with the help
of additional analysis in the next sections.

5.2.2 Impact of N-Type Doping on the Properties of CBP

The influence of n-type doping on CBP can be simply demonstrated by I-V characteristics
of electron-only devices. Its layer sequence is given in the inset of Figure 5.11. In this
case, 25 nm thick Cs2CO3 doped layers of TPBi are deposited adjacent to the electrodes
to reduce the built-in voltage, assuming the formation of sufficiently thin depletion layers
which can be easily tunneled by electrons. The molar doping concentration ratio for the
doped TPBi layers amounts to more than 13 %. Additionally, a 50 nm thick undoped film
of TPBi is deposited onto the equally thick CBP film to ensure an electron-only charge
transport through the device. As indicated by Figure 5.11 the current densities increase
with higher doping concentrations of Cs2CO3 in CBP. In the case of an undoped CBP layer,
the quasi-Ohmic region at low voltages up to 1.1 V is absent. This is in contrast to the
situation of the electron-only devices comprising a doped CBP film. This can be explained
by the concurrent absence of a Fermi level alignment at the interfaces of TPBi:Cs2CO3/CBP
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(a) (b) (c)

Figure 5.12: 5 x 5 μm2 AFM images of CBP:Cs2CO3 layers having a doping concentration
of (a) 1.1 mol %, (b) 3.1 mol % and (c) 11.9 mol %. All layers were deposited on ITO and
measured in ambient air.

and TPBi/TPBi:Cs2CO3. The situation already changes for a low doping concentration of
1.2 mol % which seems to be sufficient for the formation and pinning of the Fermi level within
the 50 nm thick CBP film. Furthermore, comparing the I-V characteristics for positive and
negative bias applied to the ITO bottom contact, it is obvious that they become absolutely
symmetric for higher doping concentrations.

The electrical measurements were conducted in a nitrogen-box, since the n-type doped
electron-only devices tend to degrade very fast in ambient air leading to irreproducible I-V

characteristics. The degradation originates from the hygroscopicity of Cs and its compounds
such as cesium carbonate or cesium oxide [160,161] and is also reflected in the surface mor-
phology of the n-type doped layers. Figure 5.12 shows 5 x 5 μm2 sized AFM images of 65 nm
thick CBP:Cs2CO3 layers with various doping concentrations deposited on ITO coated glass
substrates. The AFM images were taken in ambient air. Similar to the p-type doping by
MoO3, the polycrystalline appearance of the CBP surface slightly changes already at a small
doping concentration of Cs2CO3 of only 1.1 mol %. Comparing Figure 5.12a with Figure 5.5a
showing the surface of the undoped CBP layer, the grain-like domains obviously shrink to
smaller dimensions below 0.25 x 0.25 μm2. However, as opposed to the p-type doping, higher
concentrations of Cs2CO3 additionally cause a higher roughness probably due to the adsorp-
tion of moisture. The rms roughness yielded values of about 2.4 nm, 3.5 nm and 6.4 nm
for the CBP:Cs2CO3 layers having a molar doping concentration ratio of 1.1 %, 3.1 % and
11.9 %, respectively. Accordingly, the risk of leakage current and degradation of organic
materials by moisture rises in ambient air and should be avoided by encapsulation.
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that the absolute values of the PL in-
tensity of the doped CBP layer de-
creased to around 20 % of the initial
values given for the neat layer.

PL measurements. The PL intensity of the neat CBP layer decreased to 20 % of the initial
value at its peak emission wavelength at 402 nm upon doping by Cs2CO3 with a concen-
tration of 13.3 mol %. Compared to the p-type doping via MoO3, the drop in intensity is
low and hardly wavelength-dependent as indicated in Figure 5.13. Accordingly, the polaron
absorption features induced by the formation of charge transfer complexes seem to be spec-
trally displaced compared to the p-doped CBP layer, where the cations evidently caused an
additional exciton quenching around 400-500 nm as shown in Figure 5.7 in Section 5.1.2.

5.3 Determination of Excess Charge Carrier Densities in Doped Or-

ganic Semiconductors

The knowledge of the doping-induced excess charge carrier density in organic materials is of
high importance for the determination of the respective doping efficiency. As demonstrated
in the previous sections, not only electrical but also optical and electronic properties of
CBP changed upon doping. Therefore, different methods for the determination of the free
charge carrier densities exist in principal. Referring to the I-V characteristics of doped
layers, the charge density could be extracted out of the slope of the conductivity versus the
applied electric field if the mobility is known. However, as seen in Section 5.1.2, the mobility
itself changes upon variation of the doping concentration and must be determined together
with the respective conductivity. Recently, the dependency of the charge carrier mobility
on the carrier density has been derived from a numerical solution of the master equation
for hopping transport in a disordered material with Gaussian density of states [162]. The
parameterization of the numerical data allows for the determination of the mobility and of

Expectedly, the n-type doping of CBP by Cs2CO3 causes exciton quenching as observed in
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the charge carrier density from the characteristics of the space-charge limited current. On
the other hand, the influence of the change in morphology on the electric characteristics
upon doping is not included, though potentially playing a role in CBP and other organic
semiconductors as discussed in Section 5.1.2.

Another possibility for the determination of charge carrier densities is to look at the electronic
properties of the doped organic material. For instance, the energetic position of the Fermi
level EF relative to the conduction band minimum EC is directly associated with the doping-
induced free electron density in inorganic semiconductors according to

n = NC exp

(
−EC − EF

kT

)
, (5.3)

where NC represents the effective density of states in the conduction band. This equation
is only valid in Boltzmann-approximation for nondegenerate semiconductors and for the
assumption of the ionization of all donors leading to the equal amount of electron density
n [34]. Considering the Gaussian-distributed density of states g(E) for organic materials

g(E) = NM
1√

2πσd
2

exp

(
− E2

2σd
2

)
, (5.4)

where σd represents the standard deviation and NM the molecular density of the respective
semiconductor, the electron density is given more precisely by

n =

∫
gL(E)F (E)dE =

∫
NM

1√
2πσd

2
exp

(
−(E − EL)2

2σd
2

)[
1 + exp

(
−E − EF

kT

)]
−1

dE

(5.5)

with F(E) as the Fermi-Dirac distribution and gL(E) as the Gaussian-distributed density of
states at the LUMO level centered at EL. However, the standard deviation corresponding
to the energetic width of the density of states (DOS) could also change upon doping due
to additional Coulomb potentials from ionized dopants leading to deep-lying trap states as
discussed in Section 5.1.2. Moreover, it has been shown in a disordered conjugated polymer
that only the core of the DOS function is Gaussian, while the low-energy tail has a more
complex structure [163]. Finally, the determination of the energetic position of the LUMO
level by IPES is afflicted with a comparably large uncertainty of ± 0.25 eV precluding
the exact calculation of the free electron density with the help of equation 5.5. These
considerations also apply to the determination of free hole densities.

Thus, in the following, other techniques for the determination of the doping-induced charge
carrier densities will be discussed. First, the calculation of the densities out of the depletion
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region formed at the point of contact between an electrode and the doped organic layer will
be demonstrated. These results will be subsequently compared with the values obtained by
capacitance-voltage measurements (C-V) on metal-insulator-(doped) semiconductor (MIS)
structures and by polaron absorption measurements. Finally, the characteristics of the charge
carrier density versus doping concentration will be discussed for different organic materials
as well as for p- and n-type doping by MoO3 and Cs2CO3, respectively.

5.3.1 Thickness-Dependent Work Function Characteristics of Doped Organic

Semiconductors on ITO

Several reports exist on the doping-induced enhancement of charge carrier injection into
organic materials. The formation of a thin depletion layer at the electrode/organic interface
is supposed to enable an efficient tunneling of charge carriers through the space charge
region [37, 38]. In analogy to the world of inorganic semiconductors, the width W of the
depletion layer is given by

W =

√
2ε0εrVbi

qn
(5.6)

in the case of n-type doping with n as the free electron density corresponding to the ion-
ized donor density and Vbi as the built-in voltage derived from the difference between the
work function of the electrode and the saturated work function of the doped semiconduc-
tor beyond the space charge region [34]. This relation is only valid for the assumption
of a uniform distribution of fully ionized donors and it results from the Fermi level align-
ment at thermal equilibrium at the metal-semiconductor contact as well as at the one-sided
abrupt p-n junction in which the space charge region predominantly extends into the weaker
doped semiconductor. ITO is considered as a degenerate n+-type semiconductor [164] with
a measured free electron density of 1.5 x 1021 cm−3, leading to the formation of a space
charge region in the adjacent organic material. It has been already shown for unintention-
ally doped organic semiconductors deposited at several metal contacts that a Fermi level
alignment could be achieved by bending their energy levels near the interface similar to the
band bending in inorganic semiconductors [165]. By several cycles of alternating evaporation
and measurement steps in-vacuo and by using equation 5.6, an impurity concentration of
Nd = 4.2 x 1014 cm−3 in C60 was calculated for a space charge layer width of W = 495 nm
after which the work function reached a constant value [26]. The measurement of the work
function was conducted by KP method, since the influence of screening effects by electronic
polarization especially for thin organic layers deposited on metal contacts, which may appear
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Figure 5.14: (a) Work function of (MoO3)3 (17.3 mol %) doped CBP deposited stepwise
on ITO. Inset: energy level alignment at the n+-p junction. (b) Work function of (MoO3)3

(2.2 mol %) doped CBP deposited stepwise on ITO. Inset: magnified view of the progression
of the work function within the first 6 nm of CBP:MoO3.

in UPS experiments, can be excluded. Additionally, the charging of the sample, caused by
the emission of electrons and generation of holes which possibly accumulate on the surface
of the generally insulating organic materials at higher thicknesses, hampers the analysis by
UPS [26].

Therefore, p- and n-type doped CBP layers were prepared by a stepwise deposition on ITO
and repetitive measurement of their work function with the Kelvin probe system. The
progression of the work function is shown in Figure 5.14a for a MoO3 doped CBP layer with
a doping concentration of (MoO3)3 of 17.3 mol %. For this substrate, the work function of
ITO has been determined to 4.7 eV before the deposition of the organic layer. An abrupt
increase in the work function by 0.3 eV is observed within the first 0.8 nm of the doped CBP
layer. This has to be attributed to the formation of an interfacial dipole on ITO and is not
considered as part of the depletion layer. Similar observations were made by the deposition
of the unintentionally doped C60 on different metal contacts such as Au, Cu and Ag where
the characteristics similar to band bending appeared after an interface dipole of 2 nm in
thickness [142]. Accordingly, after this dipole the evolution of the work function can be
assigned to the formation of a space charge region. Following a section of parabolic increase,
the work function saturates at 5.6 eV for a thickness of the p-type doped CBP larger than
5 nm. Taking the width of the interface dipole between the organic semiconductor and ITO



5.3 Determination of Excess Charge Carrier Densities in Doped Organic Semiconductors83

values of the work function [34], according to

V (x) = − qp

2ε0εr

(W − x)2 (5.7)

the built-in voltage Vbi and the depletion width W are determined to 0.56 V and 4.5 nm,
respectively. The dielectric constant of CBP has been measured to εr = 2.84 via MIS
structures as will be discussed in the next section. Accordingly, the density of free holes
p amounts to 8.7 x 1018 cm−3. Figure 5.14a demonstrates the corresponding measurement
data for a significantly weaker doped CBP layer with only 2.2 mol % of (MoO3)3. In this
case, the work function of the neat ITO layer has been determined to 4.9 eV. The formation
of the interface dipole occurs within a thicker layer of almost 3 nm as compared to the first
sample and indicated in the inset of Figure 5.14b. The origin of the dipole, however, is not
clear. Either an electron transfer from ITO to MoO3 takes place as already discussed in
Section 4.2.1, leading to a thicker dipole layer in the case of lower doping concentration. Or
the energetically small interface dipole originates from the contact of CBP molecules with
ITO as observed in Section 5.2.1 so that the doping by the TMO is hampered and only occurs
in a specific distance from the dipole layer depending on the doping concentration. It is also
possible that the charge transfer complexes themselves cause a specific dipole at the ITO
interface. As a consequence, the dipole layer would be completed within a thinner layer at a
higher concentration of charge transfer complexes. In any case, the work function saturates
after its parabolic increase beyond the interface dipole at a value around 5.55 eV. A built-in
voltage of Vbi = 0.53 V and a depletion width W = 18.7 nm are derived by the parabolic
fit. The resulting density of free holes is p = 4.7 x 1017 cm−3. The schematic in the inset
of Figure 5.14a summarizes the conditions of energy level alignment at the ITO/CBP:MoO3

interface.

The examination of the n-type doping of CBP is also possible in this way. Figure 5.15a
shows the thickness-dependent work function characteristics of CBP:Cs2CO3 with a doping
concentration of 14.6 mol %. The formation of a very thin interfacial dipole layer within
the first 0.5 nm is again observed. However, its termination can not be specified unam-
biguously due to the similar slope compared with the initial band bending assumed beyond
the dipole shift. The parabolic fit of the measured work function values provides a built-in
voltage of 1.85 V and a depletion width of 8.4 nm corresponding to an electron density of
n = 8.3 x 1018 cm−3. The fit, however, is subject to an increased uncertainty especially in the
region of higher layer thickness. Only a small change in doping concentration to 17.8 mol %
leads to an even larger uncertainty in the parabolic fit. As indicated in Figure 5.15b, the
measured values significantly deviate from the fit at a layer thickness of 6 nm and above.

into account and fitting the typical parabolic function of band bending to the measured
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Figure 5.15: Thickness-dependent work function characteristics of Cs2CO3 doped CBP de-
posited stepwise on ITO. (a) Doping concentration at 14.6 mol %. (b) Doping concentration
at 17.8 mol %.

The electron density amounts to n = 1.2 x 1019 cm−3. Several factors could be the reason
for the poorer fits for n-type doped organic layers. For instance, the surface coverage by
adsorbates from residual gases in the UHV system has already been shown to increase the
work function of n-type doped TPBi in Section 4.1. Additionally, the adjustment of the
doping concentration between two successive evaporation steps is not fully reproducible by
using Cs2CO3 as dopant as discussed in Section 5.2.1. Finally, it has been recently argued
that the reconstruction of the potential profile in a thick insulator layer on the basis of
stepwise Kelvin probe measurements of the surface work function is not fully correct [166].
A difference between the thickness-dependent surface potential and the real bulk potential
distribution arises due to the KP-induced condition of zero field at the surface. This is
assumed to lead to a modification of the space charge region at the metal/organic interface
and with it to a charge redistribution within the probed layer. Although the KP system
used in this work does not attempt to measure the null point directly, but rather inter- or
extrapolates the contact potential difference depending on the settings of the backing po-
tentials [87], the influence on the bulk potential profile by the measurement method itself
remains somewhat unclear. Therefore, it is necessary to compare these results with those
obtained by other measurement techniques. In the following section, the capacitance-voltage
(C-V ) measurements will be introduced as a further possibility of the charge carrier density
determination.
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Figure 5.16: (a) Capacitance-voltage measurements of 50 nm thin MoO3 doped BSBF
(10 mol %) and a 200 nm thick Cs2CO3 doped BSBF (3.2 mol %) MIS structures. The
dashed lines indicate the respective inflection point and the solid lines represent the respec-
tive linear part of the curves. Note that the scales for the two (1/C)2-V curves are different.
(b) Schematics of the principle layer sequence of the MIS devices and their dimensions on
the ITO coated glass substrates.

5.3.2 Capacitance-Voltage Measurements on Metal-Insulator-Semiconductor Struc-

tures

Capacitance-voltage (C-V ) measurements on metal-insulator-semiconductor (MIS) struc-
tures exhibit two technological advantages for the determination of charge carrier densities
over the KP method which has been demonstrated in the previous section. First, no evapo-
ration break is necessary due to the omitted determination of the thickness-dependent work
function characteristics, minimizing the time of deposition and measurement and lowering
the fluctuations in the processing of the doped organic semiconductors. Second, the organic
material is deposited on an insulator as shown in Figure 5.16b. Therefore, one can assume
that no interface dipoles are formed between the inert insulator material and the doped
semiconductor which would interfere with the measuring principle. In this case, the insu-
lator consists of a 120 nm thick layer of aluminum oxide (Al2O3) prepared by atomic layer
deposition (ALD) at 120°C on 17 x 17 mm2 sized ITO coated glass substrates. A small
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area at one of the corners of the glass substrate is capped by Kapton1 polyimide film during
the ALD process keeping the ITO bottom contact free. The layer thickness of Al2O3 diso

has been verified by profilometer measurements. Three parallel-plate capacitors each with
an area of A = 27.5 mm2 are obtained on one substrate after the thermal evaporation of
Al directly on Al2O3 through a shadow mask as schematically indicated by Figure 5.16b at
the bottom. Accordingly, using an LCR meter (SR715/720) in which the quasi-static signal
was varied by a sinusoidal (± 1.0 V at a frequency of 100 Hz), a relative permittivity of
εiso = 7.44 has been obtained on average. By inserting an undoped organic layer of specific
thickness between the Al2O3 film and the Al top contact, it is also possible to measure its
permittivity from the serial connection of the two formed capacitors. In this way, in addition
to the relative permittivity of CBP given in the previous section, the dielectric constants
εsem of S-2CBP, TPBi and TCTA have been determined to 2.7, 3.11 and 2.94, respectively.

In the following, the concept of the determination of charge carrier densities in organic
materials by C-V measurements on ideal MIS structures will be briefly explained using the
example of a p-type doped semiconductor deposited between the insulator and the metallic
top contact of the structure shown in Figure 5.16b. In the case of a negative bias applied
on the metallic bottom contact, holes are injected from the top contact into the doped
semiconductor. By increasing the negative bias, they are pushed toward the insulator-
semiconductor interface and accumulate there. In this case denoted as the accumulation
mode, the capacitance of the MIS structure simply equals that of the oxide layer and reaches
its maximum value according to

Ciso =
ε0εisoA

diso

. (5.8)

In the depletion mode the total capacitance Cges is given by the series capacitances of the
insulator Ciso and the doping concentration-dependent depletion layer within the semicon-
ductor Csem which is formed in the vicinity of the insulating oxide layer. The width of the
depletion layer w depends on the bias voltage V according to

w =

√
2ε0εsemV

qp
+

(
disoεsem

εiso

)2

− disoεsem

εiso

, (5.9)

derived by the consideration of the respective voltage drop partly across the insulator and
partly across the semiconductor [34]. Assuming a δ-distribution of the induced charges
corresponding to the situation that the induced charges are located at the metal-insulator

1registered trademark of DuPont
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interface and at the edge of the depletion region on the semiconductor side [82], the total
capacitance is given by the series connection of two parallel-plate capacitors according to

1

Cges

=
1

Ciso

+
1

Csem

=
diso

ε0εisoA
+

w

ε0εsemA
. (5.10)

Squaring this equation and substituting w with equation 5.9 gives the basic relation between
the inverse-square of the total capacitance and the applied voltage V by

1

C2
ges

=
2V

qpε0εsemA2
+

d2
iso

(ε0εisoA)2
. (5.11)

Thus, the charge carrier density p is simply obtained by the differentiation of the inverse-
square of the total capacitance according to

p =
2

qε0εsemA2
· ∂V

∂
(

1

C2
ges

) . (5.12)

Note that these considerations are based on an ideal MIS structure in which the work function
of the bottom metal contact corresponds to the work function of the probed semiconductor.
In the real case, however, the work function of the ITO contact never equals that of the doped
organic materials so that the experimental C-V and (1/C)2-V characteristics are always
displaced from the ideal theoretical curve in which the y-intercept would clearly separate the
accumulation from the depletion mode by the polarity of the applied voltage [34].

Figure 5.16a shows the results of the C-V measurements on p- and n-type doped BSBF as
a function of (1/C)2 measured by the LCR meter of which the quasi-static signal was varied
around the bias potential by a sinusoidal ± 1.0 V. The polarity of the applied bias voltage
refers to the ITO bottom contact. BSBF is a homologous oligofluorene with two fluorene
units and is known as an amorphous ambipolar organic semiconductor with high intrinsic
electron and hole carrier mobilities around 3-5 x 10−3 cm2/Vs [167]. Cyclic voltammetry
measurements yielded a HOMO level at 6.4 eV and a LUMO level at 2.7 eV [168] suggesting
the possibility of doping with MoO3 and Cs2CO3, respectively. The left plot shows the
characteristics of a 50 nm thick MoO3 doped BSBF film with a doping concentration of
10 mol % deposited into the MIS structure with the above-mentioned layer sequence. The
accumulation and depletion regimes are clearly observed for very high and very low voltages
according to their amounts, respectively. Accordingly, the positive slope of the (1/C)2 plot
is a clear indication of the existence of holes as majority carriers which are increasingly
pushed away from the insulator interface with increasing bias voltage. The almost linear
curve is also given and allows to derive the hole density to p = 4 x 1018 cm−3, assuming a
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Figure 5.17: (a) Hole density versus doping concentration of BSBF:MoO3 measured by KP
and C-V method on MIS structures with various layer thicknesses of the doped semicon-
ductor. Inset: magnified view of the range of low doping concentrations. (b) Thickness-
dependent work function characteristics of MoO3 doped BSBF with a doping concentration
of 0.51 mol % and deposited on ITO.

relative permittivity of BSBF of εsem = 3 according to the above-mentioned values for the
organic semiconductors. For reasons of consistency, the inflection points of the (1/C)2 curves
were always extracted for the determination of the respective charge carrier densities. They
are marked by the vertical dashed lines in Figure 5.16a. The right plot demonstrates the
characteristics of a 200 nm thick Cs2CO3 doped BSBF layer with a doping concentration
of 3.2 mol %. This time, a negative slope appears indicating the existence of electrons as
majority carriers induced by n-type doping. The gradient at the inflection point yields an
electron density of n = 3.2 x 1018 cm−3 by using equation 5.12.

To further verify the C-V method as a reliable technique for the determination of charge
carrier densities, its results are compared to those obtained by the KP analysis. Figure 5.17a
comprises the hole densities measured by both methods for various doping concentrations of
BSBF:MoO3. The hole density expectedly increases for higher concentrations of MoO3 within
the mixed layer. Moreover, the values obtained by KP analysis of the thickness-dependent
work function characteristics are consistent with the results of the C-V measurements as
indicated by the inset of Figure 5.17a. Note for low doping concentrations, it becomes
clear that the results obtained by the C-V method tend to depend on the thickness of the
probed organic semiconductor within the MIS structure. Using only 50 nm of BSBF:MoO3 at
0.5 mol % leads to an apparent hole density of p = 5.4 x 1017 cm−3 whereas the measurements
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on thicker layers of the same doping concentration yield a lower hole density of 4.5 x 1017 cm−3

and 2.7 x 1017 cm−3 for 75 nm and 200 nm in thickness, respectively. Obviously, the hole
densities obtained by using too thin semiconductor layers can only be considered as an upper
limit of the real density, since the width of the depletion layer would be in the range of the
thickness of the doped material [169]. Actually, Figure 5.17b shows the thickness-dependent
work function characteristics of BSBF:MoO3 (0.51 mol %) deposited on ITO and measured
by KP. The depletion width W is estimated to approximately 25 nm. Taking the width of
the interface dipole into account, the work function saturates only after the deposition of
more than 30 nm of BSBF:MoO3. According to the parabolic fit, the density of free holes p

amounts to 4.0 x 1017 cm−3. Although no formation of an interface dipole is assumed between
the doped semiconductor and Al2O3 in MIS structures, and though the voltage-dependent
depletion width would not extend over the whole semiconducting layer in the case of using
only 50 nm of BSBF:MoO3, the influence of an additional depletion layer or at least an
interface dipole at the metallic top contact must be considered. Ideal MIS structures exhibit
an Ohmic contact on this side, which is obviously not given for the contact between the
organic semiconductor and Al especially at low doping concentrations [170]. Therefore, it is
highly important to use sufficiently thick layers of the probed semiconductor. Note however
that due to these considerations the simplified circuit model for the C-V measurements used
in this work is not applicable for very low doping concentrations. The circuit model of a
series capacitance of insulator and depletion layer at its interface has to be extended. For
example, the treatment of the bulk semiconductor as an additional RC circuit in series to
the capacitance of interest becomes necessary. This complicates the determination of the
charge carrier density and requires additional frequency-dependent measurements as shown
by Zhang et al. for the determination of hole densities in the range of 1016 cm−3 [148].
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Finally, for both techniques, KP and C-V, it remains questionable whether the models known
from the world of inorganic semiconductors may be simply transferred to their organic coun-
terparts. Therefore, a further investigation of the results obtained by C-V measurements
has been made by comparing them with the charge carrier densities obtained by polaron
absorption measurements of doped semiconductors. Since this measurement technique does
not represent a focus of this work, its principle should be only briefly discussed in the follow-
ing. Details about the methods and device structures used therein for the determination of
the charge carrier density are found elsewhere [150,151,171]. As already seen in Section 5.1.2
specific polaron absorption bands appear upon doping due to the formation of charge trans-
fer complexes. Accordingly, it is possible to establish a connection between the intensity of
absorption and the doping concentration. In order to obtain absolute values for the charge
densities, the specific polaron absorption cross section of the undoped organic material has
to be measured first. For reasons of high accuracy in the course of the absorption measure-
ments, it is important to find a material with comparably high values of polaron absorption
cross section. This is given for S-2CBP: at a wavelength of λ = 510 nm, corresponding
to the maximum of the cationic polaron absorption spectrum, the polaron absorption cross
section amounts to σpol = 3.7 x 10−16 cm2 [151]. The value has been determined with a
highly sensitive method using a waveguide structure which enables the propagation of the
second transverse electric mode through the undoped organic semiconductor causing only
very low waveguide losses [151, 171]. Simple UV-Vis absorption measurements through a
coated glass substrate would not provide the accuracy needed for precise determination. By
enabling a hole-only current and light propagation through the probed semiconductor within
the waveguide, the cationic polaron absorption can be determined by the comparison of the
edge emission spectra with and without the hole current [150]. A space charge limited cur-
rent is considered for the relation of the density of charge carriers to the measured polaron
absorption, in order to determine the polaron absorption cross section. The polaron absorp-
tion of the electrochemically p-type doped film has been measured by the variable stripe
length method. The hole density induced by electrochemical doping can then be derived
by comparing the absorption spectra obtained in both ways [151]. The large value of the
polaron absorption cross section of S-2CBP ensures a direct relation to the doping concen-
tration due to the limited potential influence of the additional polaron absorption induced
by the MoO3 anions as decribed in Section 5.1.2.

Figure 5.18 shows the results of the polaron absorption measurements on MoO3 doped S-
2CBP for varying doping concentrations. They are plotted together with the hole densities
determined by C-V measurements on MIS structures comprising 150 nm thick S-2CBP lay-
ers. The hole carrier density characteristics correlate quite well with each other as indicated
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Figure 5.19: Charge carrier densities versus doping concentration determined by C-V and
KP measurements for several organic semiconductors which are (a) p-type doped by MoO3

and (b) n-type doped by Cs2CO3. The dashed lines are only guides for the eye.

by the parallel evolution of the linear fits of the double-logarithm plots. Accordingly, the
comparison verifies the model of the formation of space charge regions in organic semiconduc-
tors similar to the characteristics of their inorganic counterparts. Interestingly, a difference
exists between the hole carrier densities measured by the two techniques and amounts to an
almost constant factor of 2.3. Thereby, the lower values of hole densities are given by the
optical technique. This is all the more surprising, since the polaron absorption should not be
limited whether free charge carriers are actually generated by doping-induced charge trans-
fer complexes or remain bound to them. In other words, one would expect that the optical
measuring method delivers an upper limit for the number of doping-induced charge carrier
densities as compared to other measurement techniques, even if those methods supported an
additional dissociation of charge transfer complexes into free carriers by the application of
an external electric field [39]. Thus, it is assumed that some uncertainties add up in the con-
text of the absorption measurements referring to the determination of the polaron absorption
cross section [151]. Admittance spectroscopy, used to determine the field-dependent mobility
of the organic material for the estimation of the charge densities from the SCL current, may
account for some deviation. Moreover, the modeling of the spatial variation of the carrier
density in the waveguide structure could have led to additional uncertainties. Nevertheless,
in view of the two essentially different measurement techniques, the very good agreement of
the results puts strong credibility on the derived charge carrier densities.
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density and the doping concentration as a common result of both methods is subject of
further discussion in the following. Maennig et al. reported on a superlinear increase of hole
density obtained by Seebeck measurements upon doping of amorphous ZnPc by F4-TCNQ.
The hole density rose by three orders of magnitude upon increasing the molar doping ratio of
F4-TCNQ/ZnPc from 0.002 to 0.02 [147]. They concluded that the hole mobility should be
independent of the doping density so that the superlinear increase of conductivity originated
solely from the similar increase of charge carrier density. Gregg et al. also assumed constant
free carrier mobility in their discussion and explained the superlinear increase of conductivity
by a decrease of the dopant activation energy upon higher doping concentrations. Referring
to the example of n-type doping, they argued that one of the main reasons would be the
attraction of free electrons to ionized dopants lowering their potential energy and with it
the ”conduction band” toward the donor level which would lead to a superlinear increase
of electron density upon doping [146]. It is however questionable whether the LUMO level
of the non-ionized host molecules is similarly affected by the dopants as in the case of the
already ionized ones. Additionally, in Section 5.1.2, it was demonstrated that the superlinear
increase of conductivity in CBP upon p-type doping by MoO3 must be mainly attributed
to a significant change of hole mobility rather than to the increase in hole density. In order
to confirm the assumption of the linear increase of charge carrier densities at least within
the examined range of doping concentrations, Figure 5.19 summarizes all hole and electron
densities of several organic semiconductors induced by doping with MoO3 and Cs2CO3, re-
spectively, and determined by C-V and KP measurements in this work. Referring to the
results of p-type doping shown in Figure 5.19a, all values of BSBF:MoO3 are transferred
from Figure 5.17a irrespective of the variation in layer thickness as discussed above. The
hole densities of CBP:MoO3 measured by KP in the previous section are also included.
Additionally, C-V measurements on MIS structures comprising 200 nm thick MoO3 doped
CBP and 100 nm thick TCTA layers, respectively, were done and amend the data in Fig-
ure 5.19a. The dashed line is only guideline and demonstrates the almost linear relationship
between the hole density and doping concentration in the double-logarithm plot. The same
scenario is given for the characteristics of the electron density in Cs2CO3 doped organic
semiconductors. All layers were 200 nm in thickness and measured by C-V technique in a
nitrogen-box due to the hygroscopicity of the dopant as discussed in Section 5.2.2. A very
good agreement is observed between the electron densities of CBP:Cs2CO3 determined by
KP and C-V analysis. However, the magnitudes of the electron densities significantly differ
for the three organic semiconductors for n-type doping. While TPBi:Cs2CO3 exhibits an
electron density of 3.5 x 1019 cm−3 at 4.5 mol %, BSBF:Cs2CO3 possesses only a carrier
density of 1.5 x 1019 cm−3. An even lower electron density is obtained in Cs2CO3 doped

Most notably, the linearity with the slope of approximately one between the charge carrier
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CBP around 3.5 x 1018 cm−3 despite a slightly higher doping concentration of 6.5 mol %.
The inevitable question arises about the general and specific doping efficiencies in organic
semiconductors which will be examined in the following section.

5.4 Doping Efficiencies of MoO3 and Cs2CO3 in Organic Semicon-

ductors

The doping efficiency is meant as the relation between the charge carrier density obtained
upon electrochemical doping and the dopant density within the mixed layer ndop,mix. A simple
calculation of the dopant density is possible, assuming no aggregation or phase separation
of molecules within the mixed layer and a linear increase of the total volume upon co-
evaporation of dopant and host molecules corresponding to the addition of the their separate
volumes. Accordingly, ndop,mix is derived by the multiplication of the doping concentration
Xmol and the particle density of the mixed layer nmix which is given by the total number
of host and dopant molecules divided by the resulting volume of the layer. Since the area
is the same for all layers, it is sufficient to use the layer thicknesses of the dopant and host
molecules ddop and dhost as measured by the quartz crystal monitors and their densities for
neat layers ndop and nhost to calculate the dopant density according to

ndop,mix = nmixXmol =
ndopddop + nhostdhost

ddop + dhost

· ndopddop

ndopddop + nhostdhost

=
ndopddop

ddop + dhost

. (5.13)

Thus it appears out of this equation that the dopant density is simply given by the divi-
sion of the total number of dopant molecules to the total volume of the mixed layer. Fig-
ures 5.20 a and b show the doping efficiencies of the doped organic semiconductors studied
in the previous section for the p- and n-type doping with MoO3 and Cs2CO3, respectively.
Referring to the p-type doping, the doping efficiency clearly ranges between 2 and 5 %. The
values around 10 % doping efficiency obtained for BSBF and S-2CBP at 0.3 mol % doping
concentration have to be handled with care due to the limitations of the simplified C-V

measurements leading to higher values of charge carrier density as discussed in the previous
section. In order to make reliable statements about the p-type doping efficiency in the two
organic materials at least for the considered concentration range of (MoO3)3, some more
data would be necessary. Nevertheless, it is obvious that the doping efficiency in S-2CBP
exceeds that of CBP by almost 3 percentage points. One reason could be the difference
in morphology between CBP and its spiro-derivative. It is known that the morphological
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Figure 5.20: Doping efficiency versus doping concentration determined by C-V and KP
measurements for several organic semiconductors which are (a) p-type doped by MoO3 and
(b) n-type doped by Cs2CO3.

stability of low molar mass organic materials is enhanced by the spiro concept [172]. Ac-
cordingly, S-2CBP with its slightly modified molecular structure compared to CBP shown
in the appendix exhibits a glass transition temperature of 174°C2 just like BSBF (another
spiro-compound) [172]. Accordingly, both materials form amorphous layers at room tem-
perature. Contrary to that, CBP exhibits a polycrystalline structure as already discussed
in Section 5.1.2. Figure 5.21 shows the results of a combined measurement of the topology
and spacially-resolved surface work function on a 2.5 x 2.5 μm2 section of a 30 nm thick
CBP:MoO3 (22.8 mol %) layer deposited on ITO coated glass substrate. This has been
achieved by the operation of an AFM as a Kelvin probe force microscope (KPFM) in a
nitrogen-box.3 The AFM image in Figure 5.21a again indicates the formation of crystal-
lites as already shown in Section 5.1.2. Their planar dimensions are smaller as compared
to those in a neat CBP film due to the high doping concentration. The KPFM image of
the same section demonstrates a high correlation between the topography and the spacially
resolved surface work function as shown in Figure 5.21b. The longitudinal section of one
crystallite on this area indicated by the circle reveals an inhomogeneous potential difference
corresponding to a differing work function depending on the measurement position on the
grain. The potential difference is lower at the center of the crystallite as compared to that at

2quoted by one producer of this material, Luminescence Technology Corp.
3the measurements were conducted together with Dr. Frank Hitzel from Danish Micro Engineering, DME

and Dipl.-Ing. Markus Tilgner
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(a) (b) (c)

Figure 5.21: 2.5 x 2.5 μm2 section of a 30 nm thick layer of CBP:MoO3 (22.8 mol %)
deposited on ITO. (a) AFM image. (b) KPFM image. The circle highlights a crystallite
whose characteristics of the potential difference are shown in a longitudinal section in (c).

the grain boundary (Figure 5.21c). Accordingly, it could be assumed that the crystallization
of CBP leads to an accumulation of MoO3 trimers at the grain boundaries and therefore to
an ineffective doping compared to the case of amorphous layers such as S-2CBP and BSBF.
Note however that the comparison of the specific doping efficiencies lying in the same order
of magnitude is only possible if the material densities for neat and mixed layers are com-
pletely clarified. The assumption of a material density of 1.7 g/cm3 for all organic layers
can only be seen as a rough estimate. Additionally, it has to be considered that the material
density of an evaporated layer can deviate from the original powder. Aside from that, it is
even more challenging to reliably declare doping efficiencies for the Cs2CO3 doped layers as
summarized in Figure 5.20b due to the open questions about the decomposition process of
the dopant during thermal evaporation. Based on the material density of Cs2CO3 and the
assumption made for equation 5.13, one obtains a high doping efficiency in TPBi of around
50 % for lower doping concentrations and 15 % at 10.5 mol %. Again, the doping efficiency in
CBP at 2.5 % on average is considerably lower than the efficiency in BSBF ranging between
4 and 17.5 %.

Despite some uncertainties, it can be concluded that the doping efficiency of MoO3 around
2-5 % is unexpectedly low, though the conduction band minimum of the TMO lies consid-
erably lower than the HOMO level of all organic materials studied in this work. More sur-
prisingly, even the doping efficiency of MoO3 in NPB has been found to be as low as 2.3 %
(determined for 14.8 mol % doping concentration, considering the formation of (MoO3)3

clusters) [137]. This value is in the same order of magnitude as the results of this work,
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although the IE of NPB is 1 eV smaller than that of CBP, making the electron transfer to
the TMO even more favorable. A similar doping efficiency of 1.5 % is derived for MoO3

doped 2-TNATA (calculated for 5.6 mol % doping concentration, considering the formation
of (MoO3)3 clusters) [138]. In conclusion, the doping efficiency of MoO3 in organic materials
does not significantly depend on the position of the HOMO level of the host material. Thus,
additional factors have to be considered to explain the low doping efficiencies. Possibly,
a further macroscopic clustering of the TMO molecules occurs within the organic matrix,
which would be expected to significantly lower the amount of transferred charges from host
to dopant. Similar speculations have been made for the p-type dopant TNCQ in CuPc or the
n-type dopant CoCp∗

2 in MEH-PPV [173,174]. From UPS measurements of TCNQ on CuPc
and vice versa, it has been concluded that a phase separation of both moieties takes place in
the composite. This lowers the effective volume which can be doped, since a charge transfer
would only occur at the borderline of the two phases. An additional interface dipole observed
between TCNQ and CuPc is considered to further limit the doping efficiency [173]. On the
other hand, this example demonstrates that p-type doping in terms of a Fermi level shift
toward the HOMO level is possible, although the IE of the CuPc host is about 1.6 eV higher
than the EA of the TCNQ dopant. This can be explained by an energetically broadened
density of states extending deeply into the band gap of the semiconductor materials. Ac-
cordingly, electrons from filled gap states of CuPc are assumed to be transferred to depleted
gap states in TCNQ until Fermi level alignment [173].

Besides material-related morphological aspects, there are more general considerations con-
cerning the doping efficiency. As addressed in the basics at the beginning of this work and
more deeply discussed in Section 5.1.2, charge trapping by ionized dopants could reduce the
number of free carriers. The situation is well summarized by the following reaction equation
for p-type doping

H + H̃A ⇔ H + [H̃+A−] ⇔ H+ + H̃A−, (5.14)

where H is the host molecule and H̃ the one adjacent to the acceptor A [175]. The center
section of the equation describes the formation of charge transfer complexes as the first
step of the doping process, in which the charge carriers are strongly bound to the host
molecules. A high doping efficiency will only be achieved if the charge transfer complexes
dissociate and lead to free carriers corresponding to the right part of equation 5.14. For
instance, although the favorable energy level alignment between MeO-TPD and F4-TCNQ
is reflected by the high fraction of charge transfer of 73 % verified by infrared spectroscopy,
Olthof et al. report on low doping efficiencies of only 5 % for this material system [176].
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Moreover, high resolution scanning tunneling microscopy (STM) on F4-TCNQ sandwiched
by Pentacen molecules revealed that the acceptor-induced hole hops between neighboring
molecules while still being localized in the vicinity of the ionized dopant [177]. The same
situation could apply for the p-type doping of MoO3 in organic semiconductors. However,
a comprehensive model concerning the relation between charge transfer complexes and the
amount of free carriers does not exist to date. Since the field of Coulomb attraction is
proportional to 1/r2, it is generally assumed that small dopants such as Li or Cs lead to
lower efficiencies as compared to larger molecular n-type dopants apart from the energy
level situation. However, only complex calculations of the molecular density function could
deliver the respective center of charges. This is important to know for the estimation of
the Coulomb attraction between two ionized molecules. The same considerations could also
apply for the charge transfer probability between the neutral host and dopant molecule
leading to the charge transfer complex in the first step. Due to usually localized HOMO
and LUMO levels on the molecules, the transfer of electrons could be sterically hindered.
For instance, it has been observed that the n-type doping of NBPhen by Cs2CO3 does not
significantly elevate the conductivity as compared to the doping of BPhen [178], although
the molecular structures resemble each other except for two additional ligands in NBPhen.
Similar argumentation has been given by Kido et al. referring to the n-type doping of Alq3

and BPhen by Sr and Sm. In particular, the planar structure of BPhen has been considered
to promote the doping by these metals compared to Alq3 [53].

Despite these considerations, higher doping efficiencies with the help of other dopants are
not excluded per se for the organic semiconductors investigated in this work. CsOH has been
found to be a good candidate for n-type doping, leading to higher electron densities as in the
case of Cs2CO3 in Alq3 [179]. Additionally, ReO3 has been shown to generate significantly
higher hole densities in 2-TNATA than MoO3 did at the same doping concentrations [138].
Still, the real dopant densities have to be verified first, in order to specify the actual doping
concentration and efficiency. For instance, ReO3 probably does not form trimers like MoO3 or
WO3, actually leading to a tripled amount of effective dopant density at similar evaporation
rates.

5.5 Conclusion

In this chapter, the electrochemical doping of organic semiconductors via MoO3 and Cs2CO3

has been analyzed. Taking into account that the TMO mainly forms (MoO3)3 clusters, the
characteristics of the Fermi level shift toward the HOMO level upon higher doping con-
centrations was shown to be based on the energetic properties of the density of states of
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CBP. UPS and KP analysis demonstrated a rapid shift at very low doping concentration
and a moderate further increase of the work function at higher doping concentrations until
a Fermi level pinning at 0.5 eV above the HOMO level at 20 mol %. At the same time, the
electrical conductivity increased by several orders of magnitude, mainly given by the super-
linear increase of the hole mobility at low doping concentrations which is due to the filling of
energetically deep-lying trap states in the band gap by the doping-induced charge carriers.
They were also responsible for the change in the absorption and emission characteristics of
CBP. UV-Vis-NIR absorption and PL measurements on doped layers demonstrated polaron
absorption bands around 400-500 nm and 1500-2000 nm which were attributed to the CBP
cations. Another broad absorption band with a maximum at 825 nm could be attributed
to the chromic absorption of MoO3. Finally, it was shown that the morphology of the poly-
crystalline CBP gradually changed to amorphous layers at higher doping concentrations.
After finding the evidence of p-type doping via MoO3, combined measurements conducted
by UPS and IPES as well as KP proved the n-type doping of CBP by Cs2CO3. Thereby,
the Fermi level shifted toward the electron transport level and was pinned at approximately
0.3 eV lower than the LUMO level of the organic semiconductor. Although UPS and IPES
measurements could prove no decomposition into metallic Cs and a work function between
1.5 and 2 eV of the evaporated Cs2CO3 species allowing for the n-type doping of organic
materials, the analysis was not able to further specify the assumed oxidic components due to
instability of the compound during the measurement. For reasons of simplicity, the doping
concentrations were therefore given by the assumption of no decomposition of the n-type
dopant in the subsequent sections. Similarly to the p-type doping, higher electrical conduc-
tivities were proven by electron-only devices.
Two different measurement techniques known from the world of inorganic semiconductors
were presented for the determination of the doping efficiencies of MoO3 and Cs2CO3 in
several organic semiconductors. Assuming the formation of a space charge region by the
deposition of a doped organic layer on a metallic contact like ITO, the resulting surface
work function characteristics were measured by KP depending on the layer thickness. The
typical parabolic function of the potential characteristics could be fitted for p- and n-type
doped CBP layers allowing for the determination of charge carrier densities in the range from
5 x 1017 to 1 x 1019 cm−3. A second way of charge carrier determination was demonstrated
by C-V measurements on MIS structures and compared to values obtained by specific po-
laron absorption measurements as a novel technique of charge carrier determination. As a
result, a good correlation of the hole density characteristics could be demonstrated, confirm-
ing the approach of charge carrier determination by KP and C-V measurements. Moreover,
it was verified that the hole and electron densities of several doped organic semiconductors
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increased almost linearly with higher doping concentrations of MoO3 and Cs2CO3 at least
in the range from 0.5 to 20 mol %.
As a summary, the doping efficiencies were plotted for MoO3 and Cs2CO3 doped in differ-
ent organic semiconductors. The doping efficiency in CBP yielded only 2-3 % for the two
dopants. A possible explanation was given by the results of the combined measurements
of AFM and KPFM on MoO3 doped CBP, showing an inhomogeneous potential landscape
indicating the accumulation of the dopant at the grain boundaries of the polycrystalline
surface. Most strikingly, it seemed that the low doping efficiency of MoO3 does not depend
on the position of the HOMO level of the host materials. The influence of additional factors
were discussed such as phase separation and Coulomb trapping by ionized dopants which
lower the free charge carrier density in general and not only in the case of MoO3. The p-type
doped spiro molecules BSBF and S-2CBP showed higher doping efficiencies by 2-3 percent-
age points above the values for CBP which was attributed to their amorphous structure.
N-type doping of TPBi led to very high doping efficiencies of around 50 %.



6 Stacked OLEDs with Charge Generation Layers

OLEDs have attracted much interest in research and development in the last two decades. A
long operating lifetime must be ensured however, before mass-production of OLEDs for the
consumer market can start. An elegant way to meet this requirement using present organic
materials and devices is to stack a number of OLEDs on top of each other, so as to signif-
icantly reduce the stress on each light-emitting unit while still achieving a given luminance
level. Interconnecting units that serve as charge generation layers (CGL) are required when
driving OLED stacks as two-terminal devices. The first studies by Kido et al. suggested
that ITO or F4-TCNQ adjacent to a hole transport layer (HTL) may lead to the genera-
tion of holes and electrons upon application of an electric field [6]. Since this early work,
various concepts for CGL structures have been published, including the insertion of thin
metal or transparent conductive oxide (TCO) layers [6, 180], junctions between chemically
p- and n-doped charge transport layer [77, 181, 182], and the insertion of transition metal
oxides (TMOs) [19, 20, 183–185]. It was recently shown that the charge generation mecha-
nism when using a doped organic p–n heterojunction is based on a temperature-independent
field-induced charge separation supported by a large band bending at the interface. This
interpretation was proven by results from Kelvin probe measurements [118]. In the following
section, an in depth analysis on the minimum thickness of the CGL components required in
these structures will be presented using the example of CBP based complementarily doped
homojunctions. In the second section of this chapter, the role of neat TMO films in CGLs
will be clarified for stacked OLEDs.

6.1 Mechanism of Charge Generation in p-n Homojunctions

The mechanism of charge generation between highly doped organic layers is still not clarified
in all details. In particular, the influence of the CGL thickness on its performance has not yet
been studied. Assuming the formation of a space charge region close to the interface and with
it a band bending-like energy level variation, an electric field-assisted tunneling of electrons
is considered from the HOMO level of the p-doped layer into the LUMO level of the n-doped
film leaving a hole at the other side [118]. Taking the results of the previous chapter into
account, it is important to consider the low doping efficiency and the actual charge carrier

100
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Figure 6.1: Electrical characteristics of the p-n homojunction-CGL devices operated in
forward-direction with varying layer thickness of n-CBP:Cs2CO3. (a) Current density versus
voltage characteristics. (b) Onset voltage versus layer thickness of n-CBP:Cs2CO3. Inset:
device structure of the homojunction-CGL devices.

densities in doped organic semiconductors. That is why and for reasons of simplicity, a
complementarily doped p-n homojunction-CGL based on CBP was analyzed referring to
the correlation between the charge carrier density, the depletion width, and onset voltage
for charge generation and separation. In order to reflect the electronic situation within the
p-n homojunction-CGL, the electro-optical characteristics of the device structure shown in
the inset of Figure 6.1b were measured for increasing layer thicknesses of the n-type doped
CGL-component denoted as n-CBP:Cs2CO3. This device structure allows to examine the
CGL characteristics without any electronic interference with the electrodes given by the
insertion of neat CBP layers between the CGL-components and the outer doped layers.
Only in this case, it is possible to learn more about the minimum thickness of the CGL-
components required for a fully functional charge generation mechanism. Consequently,
those layers as well as the 25 nm thick neat films of CBP assured that the examination of
the energetics in the middle of the device was independent from the injection or extraction
mechanism at the electrodes. Moreover, the thickness of the initially 25 nm thick Cs2CO3

doped layer at the Al cathode was reduced by the thickness of n-CBP:Cs2CO3 in each device.
The doping concentrations amounted to approximately 16 mol % for the MoO3 as well as
Cs2CO3 doped CBP layers, corresponding to a free hole and electron density of almost
1 x 1019 cm−3 and 8 x 1018 cm−3, respectively. Figure 6.1a shows the I-V characteristics
of the devices at forward-bias upon variation of the n-CBP:Cs2CO3 thickness. Thereby, the
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forward-direction of the current corresponds to the application of a positive bias to the ITO
bottom electrode leading to the injection of holes and electrons into the device. Clearly
varying onset voltages are observable at the respective points of steep increase in current
density. Figure 6.1b summarizes the onset voltage characteristics in dependence of the n-
CBP:Cs2CO3 layer thickness. The onset voltage starts at 2.9 V, gradually decreases for
thicker layers of n-CBP:Cs2CO3, and saturates at 0.49 V for a thickness of more than 9 nm.

Obviously, an internal electric field has to be compensated first by an external forward-
bias to inject charge carriers. It gradually decreases for thicker layers of n-CBP:Cs2CO3.
The injected holes and electrons recombine in that intrinsic CBP layer which is closer to
the Al cathode and cause the emission of violet light. Figure 6.2 summarizes the normalized
electroluminescence spectra which were only observed for those devices comprising thin films
of the n-CGL component up to 3.5 nm in thickness. The maximum wavelength at 430 nm
energetically corresponds to the onset voltage of 2.9 V. Thereby, the EL spectra resemble
that of the photoluminescence of a neat CBP film shown in Figure 5.6b except for the
peak wavelengths. The shift of the maximum wavelength is mainly attributed to the weak
microcavity effects within these devices leading to a varied out-coupling efficiency for the
different spectral wavelengths. A further analysis of the properties of p-i-n homojunction
devices based on CBP will be given in the next chapter. However, in the course of the
CGL-investigation it is interesting to make a note of the spectral change upon thicker layers
of n-CBP:Cs2CO3. A second local maximum wavelength apparently emerges at around
560 nm. At the same time, the intensity of the EL spectra gradually diminishes so that
weak light emission could be only detected at very high voltages up to 9 V. Accordingly,
it is concluded that the recombination zone moves from the intrinsic layer adjacent to the
outer CBP:Cs2CO3 film into the p-n homojunction for an increasing thickness of the n-CGL
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Figure 6.3: Electrical characteristics of the p-n homojunction-CGL devices operated in
reverse-direction with varying layer thickness of n-CBP:Cs2CO3. (a) Current density ver-
sus voltage characteristics. (b) Onset voltage of charge generation versus layer thickness of
n-CBP:Cs2CO3.

component, leading to a high exciton quenching rate induced by polarons. Actually, the
shape of the EL spectrum of the device, comprising the 3.5 nm thick n-CBP:Cs2CO3 layer,
possibly indicates an increased cationic polaron absorption leading to the specific collapse
of the spectral intensity between the two spectral maxima.

While the onset voltages for the device operation in forward-direction reflect the internal
potential drop across the intrinsic layer which is sandwiched by the two n-type doped films
(as will be discussed below), the onset voltage characteristics for reverse-bias are indicative
for the CGL performance. Figure 6.3a shows the I-V characteristics for reverse-bias corre-
sponding to the application of a negative bias on the ITO bottom contact. In this case, a
significant increase in current density is only given via the electric field-assisted charge gen-
eration at the p-n junction in the middle of the device and the subsequent carrier transport
to the electrodes. However, the determination of the onset voltages of charge generation is
less clear than for the forward-bias situation due to the generally higher voltages required
for charge generation causing higher leakage currents through the device. In Figure 6.4,
the derivation of the onset voltages is exemplified for two cases with different thicknesses of
the n-CBP:Cs2CO3 film. As seen in Figure 6.4a, a smooth transition from the leakage to
the charge generation-induced current density characteristics occurs, hindering the precise
determination of the onset voltage. By adjacent averaging of the measurement points and
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Figure 6.4: Determination of the onset voltage of charge generation under reverse-bias for
two p-n homojunction devices with (a) a 3.5 nm thick n-CBP:Cs2CO3 layer and (b) a 5.5 nm
thick n-CBP:Cs2CO3 layer. The dashed lines represent the respective slope of the current
density characteristics.

extrapolation of the current density characteristics of the two different regimes, it is possible
to define the onset voltage, lying at 7.5 V in the case of a 3.5 nm thick n-CBP:Cs2CO3 film.
The determination of the onset voltages becomes easier for thicker layers of n-CBP:Cs2CO3

due to an improved signal-to-noise ratio for the current density and lower voltages needed for
charge generation. The device comprising a 5.5 nm thick n-CBP:Cs2CO3 layer exhibits an
onset voltage of charge generation at 3.3 V determined by the intersection of the two current
density curves which are reproduced and extrapolated by the dashed lines (Figure 6.4b).

Figure 6.3b summarizes the onset voltage characteristics of charge generation depending on
the layer thickness. The values at a thickness below 2 nm could not be determined due to
low signal-to-noise ratio and electric field-induced breakdown causing irreversible damages
of the organic devices. The onset voltages decrease exponentially from almost 14 V for the
2 nm thick n-CBP:Cs2CO3 layer to 0.6 V at 9 nm. Accordingly, the CGL performance
is improved by increased thicknesses of the n-CGL component referring to the decreasing
field needed for charge generation. The characteristics resemble the onset voltage curve for
the operation in forward-direction concerning the point of saturation at 9 nm and its value
around 0.5 V. Accordingly, it is concluded that the space charge region formed at the p-n
junction is completed by 9 nm of the n-type doped film. This corresponds to the situation
in which the internal potential (in the amount of the entire built-in voltage Vbi) drops across
the total depletion width Wtot.
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Figure 6.5: Schematics showing the evolution of the energy level situation in the p-n homo-
junction devices under zero bias and thermal equilibrium for an increasing thickness of the
n-CBP:Cs2CO3 layer. Top-left: absence of n-CBP:Cs2CO3 layer. Top-right: very thin film
of n-CBP:Cs2CO3 layer. Bottom-left: thicker film of n-CBP:Cs2CO3 layer. Bottom-right:
thickness of n-CBP:Cs2CO3 layer exceeds that of the depletion layer within the n-doped film.

In Figure 6.5, the variation of the energy level in the device under zero bias and thermal
equilibrium is schematically shown for an increasing thickness of the n-CBP:Cs2CO3 layer.
Each diagram contains the same parabolic potential variation of the HOMO and LUMO levels
of the doped materials at the electrodes caused by the Fermi level alignment. Accordingly,
the position of the Fermi level EF to the respective transport level distinguishes the p-doped
from the n-doped layers. The work function of CBP:MoO3 and CBP:Cs2CO3 at 5.6 eV and
2.2 eV, respectively, are taken from the results of this work for similar doping concentrations.
The dotted lines represent the HOMO and LUMO levels of the intrinsic layers. It is assumed
that the intrinsic CBP layer which is closer to the ITO anode exhibits comparable energy
levels as the p-doped layers due to its very low charge carrier density. Accordingly, the
entire built-in voltage drops across the other intrinsic layer without n-CBP:Cs2CO3 layer
in the middle of the device (shown in the top-left diagram). Note that the built-in voltage
normally corresponds to the work function difference of the doped layers yielding 3.4 V. On
the other hand, the onset voltage under forward-bias only amounts to 2.9 V. By inserting
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a thin film of n-CBP:Cs2CO3 into the device, the onset voltage decreases slightly according
to the potential drop at the p-n junction in the middle of the device (shown in the top-right
diagram). Thus, it is assumed that the charge carriers recombine through the small space
charge region formed at the interface as indicated by the diagonal bidirectional arrows. In
this case, a charge generation in reverse-bias is only possible at very high voltages due to the
large barrier height for electron tunneling under zero bias between the HOMO level of the
p-doped layer and the LUMO level of the n-doped film. The onset voltage under forward-bias
further decreases for increasing thickness of the n-CGL component until the whole built-in
potential only varies parabolically at the p-n junction and does not drop across the intrinsic
layer any more (shown in the bottom-left and bottom-right diagrams, respectively). The
onset voltage of charge separation concomitantly drops to very low values due to the high
electric field at the p-n junction and the approximate energy level alignment between the
HOMO level of the p-doped layer and the LUMO level of the n-doped one.

According to the energetic situation and Fermi level alignment at thermal equilibrium of
inorganic p-n junctions, the total depletion width Wtot is given by [34]

Wtot =

√
2ε0εr

q

(
p + n

pn

)
Vbi (6.1)

and amounts to 13.9 nm, taking the free charge carrier densities as above-mentioned and
assuming the built-in voltage Vbi of 3.4 V. Due to the similar values for holes and electrons, it
can be concluded that the depletion width in the n-doped layer should be 7 nm in thickness
which is in good agreement with the experimental value of 9 nm corresponding to the minimal
thickness of the n-CGL component. Nevertheless, the origin of the residual onset voltage of
charge generation of 0.6 V in spite of a completed space charge region remains questionable.

The energy difference between the HOMO level of the p-doped layer and the LUMO level
of the n-doped one at the completed p-n junction amounts to 0.8 eV which could be one
reason explaining a non-efficient charge generation mechanism. On the other hand, such an
energy level situation will always be subject to an organic charge generation layer due to
the Fermi level pinning above the HOMO and below the LUMO of p- and n-type doped
layers. Nevertheless, it has been demonstrated that similar p-n heterojunction-CGL devices
exhibit a negligible onset voltage of charge generation for sufficiently thick doped organic
layers [118]. This could be explained by the fact that a charge transfer is not directly
bound to the HOMO and LUMO levels of the organic semiconductors due to the Gaussian
distribution of the density of states into the band gap. Therefore, there must be another
reason for the existence of a residual onset voltage in spite of the completion of the space
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charge region at the CBP homojunction. Figure 6.6 displays the I-V characteristics of a
simplified p-n diode comprising a 25 nm thick CBP:MoO3 layer deposited on ITO and capped
by a 25 nm thick CBP:Cs2CO3 layer as well as completed by an Al top contact. The results
of several measurement steps on the same device were listed including the application of
reverse- and forward-bias with different voltage ranges. It is clearly observed that the I-V

characteristics change from measurement to measurement, especially after the application of
voltages considerably higher than the onset voltages of charge generation as demonstrated
by the curves of measurement step no. 3, 4, and 5. The onset voltages apparently increase
indicating an incrementally inefficient charge generation mechanism due to a non-completed
space charge region at the p-n interface. This could be explained by the interdiffusion of
dopants at the interface at high electric fields leading to the formation of a small non-doped
region hampering the charge separation at low external fields. Such diffusion could have
partially occurred already after the deposition of the materials so that a residual onset
voltage of charge generation follows as a result. Particularly, the polycrystalline structure of
CBP is supposed to be the main reason for the interdiffusion of the dopants. This could be
prevented in homojunction-CGLs based on amorphous ambipolar materials like S-2CBP.

6.2 Mechanism of Charge Generation in TMO based Interconnecting

Units

It has been recently shown that the insertion of a 1 nm thick film of ReO3 between the p-
and n-component of a CGL significantly improved the efficiency of the stacked OLEDs [185].
Therefore, the role of neat TMO films in CGLs will be analyzed in the following section
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Figure 6.6: Current density versus
voltage characteristics of a simpli-
fied p-n homojunction device as a
result of several measurement steps
in forward- and reverse-bias. Inset:
layer sequence.
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since speculation remains about the mechanism operating at TMO based CGLs. Terai et

al. proposed a thermal stimulation model in which the charge generation is claimed to be
thermally assisted. Based on the assumption of impurity levels within the bandgap of V2O5,
electrons are supposed to diffuse from the valence band of the TMO to the LUMO of the
adjacent n-type doped electron-transport layer (ETL), which is regarded as the charge gen-
eration mechanism [186]. Very recently, Qi et al. suggested a specific energy-level alignment
between Li doped BCP and MoO3 to explain the charge generation mechanism. The as-
sumption made is that of a thermally assisted tunneling injection of electrons into the ETL
and a concomitant hole generation within the TMO layer [187]. In that model, MoO3 is
assumed to be a p-type semiconductor with the valence band and conduction band located
at 5.7 and 2.3 eV below vacuum level (Evac), respectively. However, the electronic structure
of MoO3 must be revised as has been proved in Chapter 4 of this work. Based on the results
obtained by UPS and IPES, MoO3 exhibits a deep-lying conduction band at 6.7 eV and a
high work function of 6.9 eV and therefore shows properties of an n-type semiconductor.
Similar results have been shown for WO3 exhibiting a conduction band minumum at 6.5 eV
and a work function at 6.7 eV. Consequently, the CGL model mentioned above, in which
holes are claimed to be generated within the TMO and subsequently drift towards the HTL,
must be revised entirely [188].

To clarify the TMO-based CGL mechanism, a detailed study of the interconnecting unit
placed in a stacked double OLED structure will be presented in the following. By conven-
tional vertical stacking, an abrupt heterointerface is automatically formed between a Cs2CO3

doped BPhen layer as the topmost ETL of the bottom light-emitting unit, and WO3 as the
lowermost constituent of the top OLED depicted in Figure 6.7a. To analyze the functionality
of the interconnecting unit, the thickness of its components are varied and the electro-optical
properties of the stacked OLEDs are measured. With the help of luminance–current den-
sity–voltage (L–I–V) measurements, the analysis of the angular resolved spectral emission
characteristics, and simultaneous optical device simulation, the minimum required thickness
will be unambiguously identified that makes each individual constituent of the interconnect-
ing unit fully functional [188]. Using the energetics determined via UPS and IPES for the
interfaces between the interconnecting unit and adjacent charge transport layers [54], it will
be demonstrated that the actual charge generation process takes place at the interface be-
tween the thin film of WO3 and the neighboring HTL. A large interface dipole between these
two layers is found. These results prove former assumptions of a thermally assisted charge
generation mechanism within the TMO to be invalid. Based on these findings, a general
design rule for CGLs involving TMOs will be suggested [188].
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Figure 6.7: (a) Layer sequence of the twofold stacked OLED. (b) Luminance–current den-
sity–voltage and current efficiency characteristics of single OLED comprising the layer se-
quence and thicknesses of OLED 1 of series A given in Table 6.2. Inset: electroluminescence
spectrum of the single OLED.

Table 6.1: Layer sequence and thicknesses (given in nm) of the two OLED series A and B.

A B
OLED No.

Series
Layer Al top electrode

BPhen:Cs2CO3 20 20
TPBi 30 30

TPBi:Ir(ppy)3 10 10
TCTA (45 - X) 40

OLED 2

WO3 X 5
BPhen:Cs2CO3 20 Y

TPBi 30 (50 - Y)
TPBi:Ir(ppy)3 10 10

TCTA 40 40
OLED 1

WO3 5 5
ITO bottom electrode

diodes with identical layer sequence on top of each other (Figure 6.7a). Each OLED com-
prises a thin film of WO3 followed by TCTA as the HTL and TPBi as the ETL. The emission
layer is formed by Ir(ppy)3 doped TPBi (7 vol %) located between the HTL and the ETL.
Finally, each OLED unit is capped by Cs2CO3 doped BPhen (16 wt %) as an efficient

The twofold stacked OLEDs were prepared by stacking two green light emitting organic
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Figure 6.8: (a) Current efficiency versus luminance characteristics and (b) current density
versus voltage characteristics of the twofold stacked OLEDs upon variation of the WO3 layer
thickness with constant thickness of the BPhen:Cs2CO3 component (series A).

electron-injecting layer (EIL). A 140 nm thick ITO bottom electrode and an Al top elec-
trode are used. Table 6.2 summarizes the thicknesses for the two OLED series used in this
analysis. Figure 6.7b shows the L-I-V data and the current efficiency characteristics of a
single OLED comprising the layer sequence and thicknesses given for the bottom OLED (de-
noted as OLED 1) of the stacked OLEDs of series A and being capped by the opaque Al top
electrode. The onset voltage of this diode amounts to 2.4 V, which exactly corresponds to
the maximum wavelength of the greenish electroluminescence (EL) at 516 nm shown in the
inset of Figure 6.7b. The current efficiency yields approximately 40 cd/A at 100 cd/m2 and
decreases for higher luminance values due to the efficiency roll-off caused by the increasing
triplet-triplet annihilation and triplet-polaron quenching [131].

Critical layer thickness

As a first step to study the heterointerface between the two stacked sub-OLEDs, the thickness
of the WO3 layer in OLED 2 was varied from 0 to 5 nm and the thickness of the neighboring
HTL was simultaneously changed from 45 to 40 nm, keeping the overall thickness of the
stacked OLEDs as well as the distance between the emission layers and the electrodes con-
stant (Table 6.2, series A). The current efficiency versus luminance characteristics are shown
in Figure 6.8a. Without WO3, or for a TMO thickness less than 1.5 nm, the stacked OLEDs
only exhibit low current efficiencies of about 10 cd/A. This changes abruptly for a thickness
of the TMO layer of 2.5 nm and beyond, for which the current efficiencies jump to values be-
tween 50 and 56 cd/A (at 1.000 cd/m2). Furthermore, the I-V characteristics of the stacked
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Figure 6.9: (a) Current efficiency versus luminance characteristics and (b) current den-
sity versus voltage characteristics of the twofold stacked OLEDs upon variation of the
BPhen:Cs2CO3 layer thickness with constant thickness of the WO3 component (series B).

OLEDs shown in Figure 6.8b indicate that only for devices with a WO3 layer thickness larger
than 2 nm the onset voltage is less than 5 V. This suggests an efficient charge generation
mechanism, since the onset voltage is only twice that of each individual sub-OLED of similar
structure as demonstrated for the single OLED in Figure 6.7b. In this case, no significant
potential drop occurs within the CGL to generate and separate the charge carriers. The first
result of this experiment is therefore that the CGL interconnecting architecture is not fully
functional in stacked OLED devices as long as the WO3 layer thickness is below a critical
value of 2.5 nm [188].

A further set of experiments leads to a similar conclusion regarding the EIL, in that the
efficiency of stacked OLEDs is significantly lower than 60 cd/A when using insufficiently
thick films of Cs2CO3 doped BPhen at the heterointerface. The thickness of the n-doped
ETL of OLED 1 (Figure 6.7a) is varied from 0 to 10 nm while simultaneously changing the
thickness of the neighboring layer of TPBi from 50 to 40 nm and keeping the thickness of
WO3 at 5 nm as well as the overall thickness of the stacked OLEDs constant (Table 6.2,
series B). Starting at a doped BPhen thickness below 5 nm, a current efficiency of around
40 cd/A was obtained as shown in Figure 6.9b. As the layer thickness increases to 5 nm
and beyond, the current efficiency again jumps to higher values of around 55 to 60 cd/A,
indicating full functionality of the stacked device [188]. Additionally, the I-V characteristics
of the stacked OLEDs shown in Figure 6.9b exhibit an onset voltage of less than 5 V only in
devices with a BPhen:Cs2CO3 layer thickness larger than 5 nm. A thickness of exactly 5 nm
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Figure 6.10: CIE characteristics of angular resolved EL spectra obtained by measurement
and optical device simulation for (a) series A and (b) series B.

seems to be the limit for efficient charge generation mechanism, since the onset voltage is
slightly higher than 5 V despite the jump in current efficiency to significantly higher values.

To clarify the nature of an incomplete interconnecting unit and its impact on the operation
of the stacked OLEDs, angular-dependent measurements of the electroluminescence spectra
were conducted and compared with optical device simulation. For a better illustration, the
EL spectra are converted to CIE coordinates and summarized within respective sections of
the CIE color space diagrams depicted in Figure 6.10. Thereby, the stacked OLEDs were
operated at current densities from 10 to 80 mA/cm2. The stacked OLEDs with a WO3 layer
below the critical thickness showed highly angular-dependent CIE characteristics. As shown
in Figure 6.10a, the CIE values started at X = 0.18 and Y = 0.68 for the emission in forward
direction and ended at X = 0.33 and Y = 0.59 at a viewing angle of 70°. The situation
changed with increased thickness of the TMO layer. There, the CIE values only ranged from
X = 0.64 to 0.62 and from Y = 0.28 to 0.30 for the same range of angles. The same char-
acteristics are obtained with optical device simulation by assuming full operation of both
light-emitting units. However, in the case of stacked OLEDs with an incomplete heteroint-
erface (with WO3 thickness below 2 nm), the CIE characteristics can only be reproduced if
it is assumed that only OLED 1 emits light. As a result it is essential to note, that the low
efficiency of the entire stack cannot be explained by two partially functional sub-OLEDs. On
the other hand, this result indicates that the contribution of sub-OLED 1 to the total current
efficiency is considerably less than that of sub-OLED 2 operated under similar conditions, as
reflected by the L–I–V measurements above (Figure 6.8a). Thereby, the asymmetric contri-
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bution of both light-emitting units to the luminance must be attributed to the non-optimal
distance of the emission layer of sub-OLED 1 to the metallic top contact, which leads to
a substantially lower out-coupling efficiency for this light-emitting unit. At the same time,
the distance of the emission layer of OLED 2 of the stacked OLED to the Al cathode re-
sembles the distance of the emission layer of the single OLED to the electrode as shown in
Figure 6.7b. Therefore, similar values of current efficiency around 40 cd/A were achieved
for both OLEDs. Consequently, the comparison between experiment and simulation upon
variation of the thickness of the Cs2CO3 doped BPhen film demonstrates the following. Full
operation of both light-emitting units is achieved for thick layers of BPhen:Cs2CO3, whereas
light emission from only sub-OLED 2 is obtained for a BPhen:Cs2CO3 thickness below 5 nm
(illustrated by two different CIE characteristics in Figure 6.10a). As a first result of these
electro-optical studies, it is concluded that 5 nm of n-type doped BPhen and 2.5 nm of
WO3 represent the critical thicknesses for full operation of both sub-OLEDs of the entire
stacked device. When only one sub-OLED is actually emitting, a leakage current through
the non-emitting sub-OLED must supply charge carriers for the emitting sub-OLED, leading
to comparatively high operating voltages for these stacked OLEDs as demonstrated by the
I-V characteristics above [188].
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organic semiconductor layer adjacent to a p-type doped layer, a TCO layer, or a TMO
layer. This is strong evidence of the essential role played by such a layer in the mechanisms
operating in the CGL. In the previous section, it has been demonstrated that a sufficiently
thick n-type doped layer is essential for the charge generation mechanism, leading to a
high electric field at the interface which assists the charge generation and separation upon
additional application of an external field. In the following, it is shown that the n-type doped
organic semiconductor serves as EIL, while the actual process of charge generation occurs at
the interface between the TMO and TCTA. The electronic structure of the interfaces between
Cs2CO3 doped BPhen and WO3 as well as WO3 and TCTA were determined via UPS and
IPES. Figure 6.11a summarizes the UPS spectra (recorded by He I line) of increasingly thicker
TCTA layers deposited on 10 nm thick WO3 [54]. As clearly observed, the UPS spectra shift
to higher binding energies already at very small amounts of TCTA. From 8 Å on to higher
thicknesses of TCTA, its signature becomes observable by highlighting the HOMO onset
region. After the deposition of a total of 16 Å of TCTA on WO3, no significant shift in work
function is noticed for even thicker layers of the HTL. Figure 6.11b summarizes the thickness-
dependent work function characteristics indicating the formation of an interface dipole Δ

similar to the deposition of TCTA on MoO3 which was demonstrated in Section 4.2.1. In
this case, the interfacial dipole amounts to 1.5 eV and is completed within only 1.6 nm of
the organic material. During the gradual deposition of Cs2CO3 doped BPhen (9 wt %)
onto WO3, the work function of the film decreases with almost parabolic characteristics,
indicating the formation of a space charge region within the organic ETL as summarized
in Figure 6.11c. Starting with the large value corresponding to the neat layer of WO3,
the surface work function drops and finally saturates at 2.5 eV for thicknesses of 13–26 nm.
The saturation actually occurs at approximately 7.5 nm layer thickness when considering the
parabolic characteristics of the work function indicated by the fit. Taking into account the IE
(6.8 eV) and EA (2.4 eV) of BPhen:Cs2CO3 measured by UPS and IPES [54], the energy level
alignment at the interface with the TMO can be represented as shown in Figure 6.12, which
corresponds to the heterointerface between the bottom OLED 1 and the top OLED 2 [188].

It is evident from this schematic that no charge generation occurs between the n-type doped
BPhen and the TMO layer. On the other hand, electrons reaching this interface can tunnel
from the conduction band (CB) of WO3 through the narrow potential barrier into the LUMO
of the n-doped organic ETL. The higher tunneling probability is strongly supported by the
fact that the high work function difference of the TMO and BPhen:Cs2CO3 amounts to
4.2 eV, leading to comparably high electron transport levels in the CB of WO3 and LUMO
of the ETL. These results also explain that below the minimum thickness of n-type doped

CGL: Principle of operation

All reports on CGL units published so far emphasize the requirement of an n-type doped
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BPhen layer, an incomplete space charge region forms, the work function does not reach
saturation in the BPhen covered WO3, and the built-in potential remains too low to allow
for efficient tunneling of electrons. In that case, the energy difference between the CB
of WO3 and the LUMO of BPhen:Cs2CO3 increases as the thickness of the n-type doped
layer decreases. At the same time, the shape of the tunnel barrier for electrons changes
unfavorably into a rectangle and becomes broader. Taking into account the fact that the n-
type doping concentration used in the stacked OLEDs was higher than in the samples studied
by UPS/IPES, the minimum thickness of 5 nm found above is in favorable agreement with the
characteristic width of the space charge region derived here. On the other hand, the 2.5 nm
minimum thickness of WO3 found in the electro-optical study is believed to be simply related
to the required amount of deposited material necessary to form a continuous layer of TMO.
From the study of the heterointerface between the stacked OLEDs, it can be unambiguously
concluded that the Cs2CO3 doped BPhen only acts as an EIL and is not directly involved
in the charge generation process. Consequently, the actual charge generation mechanism
is attributed to the heterointerface between WO3 and TCTA within OLED 2 where the
interfacial dipol leads to a small energy barrier between the HOMO of TCTA and the CB
minimum of WO3 of about 0.8 eV. This electronic configuration allows therefore electrons to
be injected into the CB of the TMO from the HOMO level of the HTL, resulting in a hole
in the HTL [188].

Accordingly, the findings cast some doubt on the recently published hypothesis about a
two-step process of a charge generation directly within the TMO and an electron injec-
tion afterwards based on a tunneling-assisted thermionic emission into the n-type doped
ETL, since that explanation neglects recent results concerning the electronic structure of
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TMOs [187]. The resulting misconception denotes the combination of n-type doped ETL
and TMO as the essential components of a CGL. According to the study of this work, the
combination of the TMO and HTL films can be regarded as the actual CGL, given the high
work function and the deep-lying CB of the TMOs on the one hand, and the energy level
alignment with the HOMO of the adjacent HTL on the other. It is also worth noting that
the role of TMOs in CGLs can be compared, for example, with that of HAT-CN which also
exhibits a high work function at 6 eV and a deep-lying LUMO level. This leads to the same
electric field-assisted charge generation mechanism at the interface between HAT-CN and
a hole transport material [189, 190]. As a consequence, the n-type doped BPhen is only
required to enable an efficient electron injection into the bottom OLED unit [188].

At this stage, it can be noted that the formation of an interfacial dipole is also likely at
the interface between TMO and a non-doped ETL as already demonstrated in Section 4.2.1
between MoO3 and TPBi. This could possibly explain the steep decay of the work function
within the first few monolayers of BPhen:Cs2CO3 deposited on top of the TMO, leading
to some local deviation from the ideal parabolic fit (Figure 6.11c, first few nanometers).
However, the value of the dipole is supposed to amount between 1.5 and 2 eV, which is not
sufficient for an electron injection from the deep-lying CB of the TMO into the LUMO of
a non-doped ETL like TPBi as has been shown by the electro-optical studies. At the same
time, the interfacial dipoles at organic/organic interfaces are generally small. Figure 6.13a
shows the thickness-dependent work function characteristics of a TCTA layer deposited on a
20 nm thick BPhen:Cs2CO3 film (16 wt %). The interface dipole amounts to only 0.3 eV and
extends approximately 3 nm into the TCTA layer. Obviously, no band bending-like potential
characteristics follow the work function saturation at 2.6 eV, indicating a low charge carrier
density within the intrinisic hole transport material and concomitantly a negligible space
charge density. Therefore, the work function at the surface is governed by that of the under-
lying BPhen:Cs2CO3 layer. Assuming a similar interface dipole between BPhen:Cs2CO3 and
TPBi and neglecting further interface dipoles between intrinsic semiconductors, it is possi-
ble to reconstruct the electronic situation in the stacked OLEDs of series A and series B.
Figure 6.13b schematically shows the energy level situtation in the entire stacked OLED
without BPhen:Cs2CO3 (top illustration) as well as for the device without WO3 (bottom
illustration). For simplicity, it is assumed that the dipole between WO3 and TPBi is of the
same dimension as at the WO3/TCTA interface. The energy level diagrams for both stacked
OLEDs reflect the situation under zero bias voltage and explain why, in the case of series
A, only OLED 2, and in the case of series B, only OLED 1 emits light for a non-completed
CGL structure. It can be derived out of the schematics that a hole leakage current through
the non-emitting OLED 1 is preferred in the case of the stacked OLEDs of series A, though
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Figure 6.13: (a) Thickness-dependent work function characteristics of TCTA deposited on
20 nm thick BPhen:Cs2CO3 (16 wt %) layer. (b) Schematics demonstrating the energy level
situations of stacked OLEDs of series A (top) and series B (bottom) for a non-functional
charge generation mechanism. The dotted lines indicate the energy levels of Ir(ppy)3.

leading to high operation voltages due to the forced drift of holes through the electron trans-
porting material TPBi. In the second case, an electron leakage current through OLED 2 is
preferred against a hole current, since both BPhen:Cs2CO3 layers surrounding the intrinsic
layers of OLED 2 cause low work functions and comparably small electron injection barriers
between them. Note however that TPBi and TCTA are no ambipolar materials and are not
chemically stable against the hole and electron current over a longer period of operation,
respectively.

6.3 Conclusion

In summary, it has been demonstrated that the charge generation mechanism in organic p-n
homojunctions based on CBP relies on the formation of a space charge region due to the
Fermi level alignment, leading to a strong electric field at the interface. The depletion width
depends on the built-in voltage and charge carrier densities of the doped layers and deter-
mines their minimum thicknesses for an efficient electric field-assisted charge generation. An
interdiffusion of dopants into the complementarily doped layers close to the interface is sup-
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posed to lower the CGL performance leading to a residual onset voltage of charge generation
of 0.6 V.
The charge generation in TMO-based interconnecting units of stacked OLEDs has been
shown to occur at the heterointerface between the TMO and the adjacent non-doped hole-
transporting layer. In spite of a substantial interfacial dipole of 1.5 eV, the energetic dif-
ference between the conduction band of WO3 and the HOMO of TCTA only amounts to
0.8 eV, allowing for an efficient charge generation and separation at this interface. Con-
sequently, the combination of TMO and HTL states the actual CGL. This is due to the
nature of TMOs like WO3 and MoO3 having a deep-lying conduction band and a high work
function. Accordingly, an electric field-assisted charge generation process takes place similar
to the mechanism in the organic p-n junctions. Consequently, the adjacent n-type doped
electron transport layer is only used to facilitate the electron injection from the TMO into
the adjacent sub-OLED. These results have been used to explain the experimental results
on twofold stacked OLEDs with a corresponding CGL architecture. In order to find both
sub-OLEDs fully functional, a critical thickness of the doped ETL and the TMO has been
determined to be 5 and 2.5 nm, respectively.



7 P-I-N Homojunction Device as Violet LED and Visible

Blind Photodiode in One

Until now p-i-n homojunction devices have been extensively analyzed within the world of
inorganic semiconductors, e.g. based on germanium, silicon or III-V compounds [34]. On the
other hand, countless advances in terms of efficiency and lifetime have been achieved using
heterojunction OLEDs since the first organic bilayer structure reported in 1987 [2]. These
perpetual improvements mainly driven by the insertion of special additional charge injecting
and exciton blocking layers led to complex multilayer devices. Accordingly, there is a need for
simplified OLED structures not only for the ease of production but also for the preparation of
model systems to study fundamental device properties [112,191,192]. Electrochemical doping
of organic materials permits further simplification of OLEDs leading to p-i-n structures
with high efficiencies while reducing the number of layers required for charge injection [61].
Furthermore, it is possible to use an ambipolar matrix material for both hole and electron
injection [152]. Very recently, organic p-i-n homojunction diodes based on ZnPc, pentacene
or bis(carbazolyl)benzodifuran (CZBDF) have been reported [52,193,194]. However, none of
these devices have been shown to behave as LED and photodiode in one device as expected
from their inorganic counterparts based on direct semiconductors. In the following, CBP
will be used as single organic material for the preparation of p-i-n homojunctions serving as
violet light-emitting devices as well as visible blind photodiodes. Consequently, the study is
divided into two parts. In the first part, the generation of photocurrent by optical excitation
will be analyzed. Most notably, the observation of a superlinear increase of the short-circuit
current with higher optical power densities will be the focus of the following section. In
the second part, the properties of light emission of the p-i-n homojunction will be discussed
referring to the electrochemical doping and its impact on the emission zone.

7.1 Operation as Visible Blind Photodiode

The inset of Figure 7.1a shows the simple layer sequence of the homojunction device based
on CBP. The conventional structure comprises a 35 nm thick MoO3 doped CBP layer
(14.1 mol %), followed by a 85 nm thick non-doped CBP film and completed by a 35 nm

119
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Figure 7.1: (a) Current density versus voltage characteristics of the p-i-n homojunction under
dark condition and under illumination of light from sun simulator. Inset: layer sequence of
device structure. (b) Spectral characteristics of the optical power density of the Xenon lamp
after transmission through ITO coated glass substrate compared to the spectral sensitivity
of the reference UV photodiode (TW30SX). The light emission of the Xenon lamp has been
made almost monochromatic with a full width at half maximum of 10 nm.

thick Cs2CO3 doped layer (16.1 mol %). A 130 nm thick ITO bottom electrode and an Al
top cathode were used. In analogy to inorganic semiconductor device physics, operating the
organic p-i-n homojuncton in reverse-direction, one would expect the device to function as
a photodiode. Figure 7.1a shows the I-V characteristics of the corresponding organic p-i-n
device at dark condition and under illumination from a 300 W solar simulator (Newport)
with an AM1.5G filter corresponding to an optical power density of 130 mW/cm2. The
device exhibits an extremely high open-circuit voltage Voc of about 2.85 V which is slightly
lower than the onset voltage of charge injection at 2.95 V under dark condition. According
to the absorption characteristics of CBP, only the short-wavelength portion outside the vis-
ible spectrum is expected to generate excitons in the CBP p-i-n diode. This will be studied
in more detail below. Additionally, Figure 7.1a demonstrates that for the applied voltages
lower than the open-circuit voltage, the photocurrent depends almost linearly on the volt-
age, indicating charge carrier dissociation by the electric field as the dominant mechanism of
separation, which is comparable to the behavior of common photodiodes. Note, as opposed
to organic solar cells no donor-acceptor system is present, which would facilitate exciton dis-
sociation due to dedicated heterointerfaces. In this device, the short-circuit current density
amounts to 0.65 μA/cm2. Interestingly, for voltages above the open-circuit voltage, the pho-
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Figure 7.2: Spectral photocurrent characteristics of the p-i-n homojunction at different volt-
ages. The photocurrent is weighted by a correction factor due to the wavelength-dependent
characteristics of the Xenon lamp after transmission through an ITO coated glass substrate.
(a) Normalized weighted photocurrent characteristics. The dashed line shows the normalized
spectral absorption coefficient of a neat CBP film for comparison. (b) Weighted photocurrent
characteristics.

tocurrent is clearly higher at each point than the dark current, probably due to an increased
photoconductivity.

To further study the impact of this effect, the spectral characteristics of the photocurrent
were analyzed by the illumination with quasi-monochromatic light. For the determination
of the photocurrent spectrum, the spectral intensity characteristics of a Xenon lamp used
in this investigation and the absorption spectrum of the ITO coated glass substrate had
to be considered. For that reason, the spectral optical power density characteristics of the
Xenon lamp (LTI A1020) were measured by a reference UV photodiode (TW30SX) after
light dispersion by a monochromator (grating of 1200 lines/mm, Amko Light Technology
Instruments) providing an almost monochromatic light with a spectral full width at half
maximum of 10 nm. Note that only the spectral characteristics after transmission through
an additional ITO coated glass substrate were recorded and provided as basis, in order to
obtain the optical conditions within the CBP layers of the homojunction device. Figure 7.1b
displays the resulting spectral characteristics of the Xenon lamp in comparison to the spectral
sensitivity of the reference UV photodiode (extracted from the datasheet) in the specific
region of fundamental light absorption of CBP.
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Figure 7.3: Photocurrent density versus optical power density of the p-i-n homojunction at
three different wavelengths of illumination and at three different bias. The open squares
represent measurement points whereas the solid lines stand for the respective fit according
to the power law proportionality Jph ∝ Pop

b. The dashed lines with b = 0.5 and b = 1.0,
respectively, are shown for comparison. (a) Illumination at 324 nm, leading to scaling factors
of b = 1.27 at 0 V, b = 1.26 at -5 V, and b = 1.17 at -10 V. (b) Illumination at 348 nm,
leading to scaling factors of b = 1.22 at 0 V, b = 1.18 at -5 V, and b = 1.13 at -10 V. (c)
Illumination at 364 nm, leading to scaling factors of b = 1.30 at 0 V, b = 1.14 at -5 V, and
b = 1.12 at -10 V.

would expect spectral characteristics of the photocurrent in accordance with the absorption
spectrum of CBP. However, Figure 7.2 demonstrates an increasing deviation between the
photocurrent and the absorption characteristics at wavelengths shorter than 340 nm. As
can be seen in Figure 7.2a, the absorption spectrum of CBP down to the first peak at
346 nm is reproduced quite well by the photocurrent spectrum whereas the sequel including
the second local maximum of absorption at 333 nm is not obvious in the spectral current
characteristics. Remarkably, at shorter wavelengths the current drops steeper than expected
from the absorption spectrum of CBP, even though the intensity drop of the light source
has been accounted for by weighting the photocurrent at lower wavelengths with increasing
correction factors, corresponding to the assumption of an illumination by a light source with a
constant light intensity in the entire spectral range. This is a clear indication of a superlinear
relationship between the photocurrent of the p-i-n homojunction and the light intensity. By
setting a reverse-bias of -5 V and -10 V, respectively, the photocurrent considerably increases
in all wavelengths as displayed in Figure 7.2b, slightly approaching the shape of the actual
absorption spectrum of CBP towards shorter wavelengths.

Assuming a linear correlation between the light intensity and the short-circuit current, one
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and at varied reverse-bias. Figure 7.3 exhibits the results of the measurements for the
irradiation at 324 nm (a), 348 nm (b), and 364 nm (c), with a respective variation of
light intensity of more than two orders of magnitude. The optical power density-dependent
measurements of the photocurrent at different wavelengths were conducted using optical
neutral density filters (Melles Griot) between the Xenon lamp and the monochromator. At
0 V as well as at a reverse-bias of -5 V and -10 V a relation between the photocurrent density
Jph and optical power density Pop according to Jph ∝ Pop

b with b > 1 can be inferred. It is
known that in photovoltaic systems the scaling factor b of a power law Jph ∝ Pop

b ranges
from 0.5 to 1, depending on the carrier recombination mechanism [193]. A scaling factor
of b = 0.5 implies a bimolecular recombination of statistically independent and oppositely
charged carriers, leading to a sublinear increase of the photocurrent at higher light intensities.
On the other hand, a scaling factor of 1 indicates a monomolecular mechanism normally given
by the trapping of one sort of charge carriers and recombination with the oppositely charged
moiety. A linear relationship between Jph and Pop results, since the effect of immobilization
is not influenced by the magnitude of light intensity. In this case however, the short-circuit
photocurrent exhibited a scaling factor of b = 1.22 for the illumination at 348 nm by fitting
the measurement points according to the power law.

This could be explained by a light intensity-dependent photoconductivity in CBP superim-
posing the charge carrier recombination process and leading to the observed scaling factors.
Accordingly, the irradiation with UV light generates excitons which dissociate to charge car-
riers that are partially immobilized by occupying deep-lying trap states so that they can not
contribute to photocurrent. On the other hand, the small density of these tail states is filled
rapidly at moderate light levels, and as a result, a superlinear increase of the photocurrent
due to higher conductivities for elevated intensities is evidenced (Figure 7.3). The difference
to the monomolecular recombination despite similar trapping mechanism in this p-i-n ho-
mojunction is probably due to the fact that both species of charge carriers account for the
filling of the respective tail states of the HOMO and LUMO level. As a result, the mobility
of both holes and electrons is increased. This assumption is supported by the photocurrent
characteristics at higher levels of reverse-bias. While in the short-circuit case the scaling
factor amounts to b = 1.22, its value decreases to b = 1.18 and b = 1.13 at -5 V and -10 V,
respectively. This is due to the fact that a stronger electric field leads itself to higher mobil-
ities so that the dissociation of excitons and the transport of the resulting charge carriers to
the electrodes are more effective. In addition, field-induced de-trapping of carriers leads to
an overall increased photocurrent. As a result, b becomes smaller and is ultimately expected
to approach 1 for high electric field levels. Additionally, the superlinear relationship between

To shed more light on the specific relationship of photocurrent and optical power density,

measurements of the photocurrent density were conducted under varied illumination intensity
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photocurrent and optical power density seems to be wavelength-independent. The values of
the scaling factor for the illumination at 324 nm and 364 nm are listed in the caption of
Figure 7.3.

Another possible explanation for the slightly disproportionate increase in the photocurrent
with higher light intensities could be provided by the assumption of additional multi-photon
absorption processes [195]. According to this, the probability of charge generation by the
dissociation of the photoinduced singlet excitons increases for excitons reaching a higher-
lying energy state due to a multi-photon excitation. Such an observation was reported for
organic photodiodes consisting of a single polymer layer of PFO, in which a quadratic in-
tensity dependence was determined by the resonant excitation at 390 nm [196]. In the first
step, a transition from the ground state S0 to the first excited singlet state S1 occurs after
the absorption of one photon, followed by the transition from S1 to a higher-lying state
Sn by the absorption of another photon. That involves a long lifetime of the S1 state so
that the probability of dissociation into free charge carriers or transition to a triplet state
by intersystem crossing should be low. Actually, it has been shown by spectrally resolved
photoluminescence quenching experiments that CBP exhibits a comparably high singlet dif-
fusion length of 16.8 nm [197], corresponding to a longer lifetime which possibly increases the
probability of a multi-photon absorption. Moreover, the probability of charge generation by
exciton-exciton collision ionization would increase in that way, which has also been proposed
as the explanation for a quadratic intensity dependence of the photocurrent [198].

7.2 Operation as Violet Light Emitting Diode

Compared to the structure used in the previous analysis (also depicted in the inset of Fig-
ure 7.4b), the layer sequence, film thicknesses, and the MoO3 doping concentration of the
p-doped CBP layer were kept constant for the operation of the p-i-n homojunction device
as light emitting device. Figure 7.4a summarizes the electro-optical characteristics of two
homojunction devices under foward-bias, with 2.3 mol % and 15.5 mol % of Cs2CO3 concen-
tration in the 35 nm thick n-doped layer, respectively. It can be clearly seen, that both the
current density and the optical power density of the device with the higher n-type doping
concentration show steeper characteristics.

At the same time, the EL spectra of both devices were recorded and compared with each
other for different voltages (Figure 7.5a and b). The violet light emission from CBP is clearly
identified. Compared with the spectra obtained from the p-n CGL-homojunction devices
shown in Section 6.2, the shape and maximum wavelength of the EL is modified due to the
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Figure 7.4: Electro-optical characteristics of two p-i-n homojunction devices exhibiting dif-
ferent n-type doping concentrations. (a) Current density and optical power density versus
voltage characteristics. (b) External quantum efficiency characteristics. Inset: layer se-
quence.

varied layer sequence and altered overall thickness of the device. On the other hand, both
p-i-n homojunction devices exhibit very similar EL spectra, slightly varying with the applied
voltage. Therefore, it can be concluded that the electrochemically doped injection layers of
the homojunction devices hardly influence the electrical characteristics which determine the
shape and position of the recombination zone. This is remarkable, as the electron densities
are estimated to be 7.8 x 1018 cm−3 and 1.1 x 1018 cm−3 for the higher and lower n-type
doped layer, respectively, indicating a lower electron conductivity for the latter.

On the other hand, the external quantum efficiency shown in Figure 7.4b is slightly lower for
the device with the substantially stronger n-type doping. Moreover, the values seem to be
very low for both devices starting at 0.5 % for an optical power density of 0.01 μW/cm2 and
decreasing to 0.1 % at 100 μW/cm2. For comparison, the single green light emitting organic
diode based on the phosphorescence of Ir(ppy)3 (shown in Section 6.2) yielded an external
quantum efficiency of around 7 %. This is more than 25 times higher on average than the
efficiency of the homojunction devices. The fact that CBP is only a fluorescent emitter
would only quarter the efficiency to 1.7 % compared to that of the green light emitting
device, assuming the same intrinsic photoluminescence quantum efficiency for both emitters.
Therefore, further effects are supposed to lower the efficiency. Particularly, the absence of
carrier confining layers in the device is supposed to lower the efficiency. Accordingly, a large
number of charge carriers drifts through the device to the opposite electrodes without forming
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Figure 7.5: Voltage-dependent EL spectra of two p-i-n homojunction devices comprising an
n-type doped layer with a Cs2CO3 concentration of (a) 2.3 mol % and (b) 15.5 mol %.

excitons. Additionally, the recombination zone could be distributed over the intrinsic layer.
This would additionally lower the outcoupling efficiency due to the non-optimal position of
a bigger part of the emission zone in respect to the metallic top contact.

That is why it is important to learn more about the characteristics of the recombination
and emission zone. However, the electrical simulation of the conditions within the p-i-n
homojunction affords many input parameters such as the electric field-dependent and charge
carrier density-dependent mobility for holes and electrons or the exciton density-dependent
energy transfer rates to positive and negative polarons. That is why it would be sufficient to
study the emission zone by optical measurements and simulation in the first step. In a recent
report, the profile of the emission zone in the emissive layer of polymeric OLEDs has been
studied via comparison of measured and simulated EL spectra. It has been demonstrated
that in those devices the main part of the emission zone was in the immediate vicinity
of the ITO/PEDOT:PSS anode. This has been explained by the electron mobility μe of
the emissive polymer being two to three orders of magnitude higher than its hole mobility
μh [199]. In principle, the p-i-n homojunction device based on CBP would also allow for
the determination of the recombination/ emission zone. Thereby, the measurement of the
angular-resolved emission characteristics of the p-i-n homojunctions offers a good technique
for the determination of the emission zone. Still, the polycrystalline morphology of CBP leads
to a certain lack of reproducibility. Therefore, it is advisable to use amorphous ambipolar
wide band gap materials like S-2CBP as basis for the p-i-n homojunction devices for future
experiments.
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7.3 Conclusion

For the first time, an organic p-i-n homojunction device based on CBP has been presented
that operates both as a violet light emitting device and as a visible blind photodiode. A
remarkable superlinear relationship between the spectral photocurrent and the irradiated
optical power density was found by operation as photodiode according to the power law
Jph ∝ Pop

b with b of about 1.2. Light intensity-dependent photoconductivity of the p-i-n
homojunction based on the dynamics of filling tail states, causing an increase of the charge
carrier mobilities, was discussed as one reason. Aside from that it could be speculated about
a partial multi-photon absorption process as a further possible explanation, leading to sin-
glet excitons of higher energetic states and a higher probability of dissociation into charge
carriers.
In the second part, the electro-optical characteristics of the p-i-n homojunction device op-
erated as light emitting unit were demonstrated. The EL spectra indicated a violet light
emission in agreement with the photoluminescence of CBP, modified by weak microcavity
effects in the device and exhibiting a voltage dependence. The external quantum efficiency
was low and yielded 0.25 % on average which was explained by the absence of carrier confin-
ing layers in the device. The comparison of two homojunction devices with differently high
n-doped layers showed no influence on the spectral emission characteristics. Therefore, the
optical analysis of the shape and position of the emission zone was proposed by the mea-
surement of angular-resolved emission characteristics in order to further clarify the electrical
conditions within this device. As a result, this study encourages further research on this
class of organic devices for a better understanding of organic semiconductors.
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Organic light emitting diodes are considered as the next generation of solid-state lighting
and as the future of display technology. They exhibit several technological and economi-
cal advantages compared with their inorganic counterparts and are currently on the verge
of mass-production. However, OLEDs still exhibit shorter lifetimes and lower efficiencies
compared to inorganic LEDs. Very recently the introduction of transition metal oxides as
funcional layers and electrochemical dopants has been shown to increase the efficiency and
lifetime of OLEDs. In the present study, the electronic properties of these TMOs and their
particular impact on OLEDs were investigated and clarified with regard to the device con-
cepts such as charge injection, electrochemical doping and charge generation between stacked
OLEDs.

Although MoO3 and WO3 are increasingly used in OLEDs, the previous conception of their
electronic structure has to be thoroughly revised. The common belief of a EA = 2.3 eV
and an IE = 5.3 eV of MoO3 led to the concept of a p-conductor with electron-blocking
properties. On the other hand, these values could not be used to explain their use as p-type
dopant of organic semiconductors. Therefore in the course of this work, UPS and IPES as
well as KP measurements in UHV were conducted on MoO3 and WO3 to reveal their actual
energy levels. It could be demonstrated that their EA and IE are actually located 4 eV
deeper than previously published. MoO3 and WO3 exhibit an EA of about 6.7 and 6.5 eV
and an IE of 9.7 and 9.8 eV, respectively. Their initial work function yields approximately
6.9 and 6.7 eV, implying that these TMOs can be seen as n-type semiconductors.
In view of these novel results, it was important to further clarify the mechanism of hole
injection from the anode into an organic hole transporting layer by using a TMO layer. It
was demonstrated that energetically large interface dipoles between an ITO anode and MoO3

as well as MoO3 and HTL allowed for an efficient electron extraction from the HOMO of
the HTL into the CB minimum of the TMO and a subsequent transfer of the electron to the
anode. Thus, the mechanism of hole injection can be considered as a charge generation at
the TMO/HTL interface leaving a hole within the HOMO of the hole transport layer. Due
to the deep-lying CB of the TMOs, they do not exhibit electron-blocking properties. Only
in combination with organic semiconductors having a small EA the electrons can be trapped

128
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to permit efficient transfer of electrons from the CB minimum of the TMO into the LUMO.

In the next part of this study, the chemical doping of organic semiconductors by MoO3 and
Cs2CO3 was analyzed using UPS, IPES and KP. Clear indications of actual p-type doping
by MoO3 and n-type doping by Cs2CO3 could be given by the demonstration of a Fermi level
shift towards the respective transport level of the ambipolar organic semiconductor CBP.
Higher electrical conductivities were achieved for p- and n-type doping which was attributed
to both elevated charge carrier densities and a superlinear increase of charge carrier mobility
with higher doping concentrations. Most notably, the p-type doping by MoO3 was shown
to cause higher absorption of CBP due to the appearance of additional polaron absorption
bands.
The efficiency of the n- and p-type dopants in several organic semiconductors was deter-
mined. The charge carrier densities were determined out of the depletion width and built-in
potential, extracted from the thickness-dependent work function characteristics measured by
KP. Moreover, capacitance-voltage (C-V) measurements of metal-insulator-semiconductor
structures were shown to be an alternative to the elaborate analysis by KP, yielding similar
results of charge carrier densities for doping concentrations in the range of 0.5 to 20 mol %.
This was also confirmed by the comparison to a novel technique of quantitative polaron
absorption measurements using the example of the determination of hole densities in MoO3

doped S-2CBP. In general, an almost linear increase with higher p- and n-doping concentra-
tions was found for all organic semiconductors. On the other hand, it was shown that the
doping efficiency of MoO3 is unexpectedly low despite of its favorable electronic properties
with respect to the HOMO level of the organic semiconductors. Besides specific reasons
concerning the polycrystalline morphology of CBP which lowers the efficiency to only 2-3 %
due to a possible agglomeration of MoO3 at the grain boundaries, there are more general
factors reducing the effectiveness of all dopants in organic semiconductors. Most notably, the
emergence of Coulomb potentials by the ionized dopants was discussed as the main reason
for low free charge carrier densities.

Interconnecting units based on organic p-n heterojunctions or based on the insertion of neat
TMO films were used for the charge generation in stacked OLEDs. In order to clarify the
mechanism of charge generation and to find the minimum thickness of the used layers as
a design rule, an organic p-n homojunction-CGL based on CBP and established by doping
with MoO3 and Cs2CO3 was analyzed. The experimental results confirmed the model of
the formation of a free charge carrier density-dependent space charge region, causing a high
electric field and a small energy difference between the HOMO and LUMO level of the p-
and n-doped layer at the p-n interface. A partial interdiffusion of the dopants at the inter-

at the TMO/ETL interface, since the dipole between the two layers is not sufficiently large
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by higher onset voltages of charge generation in reverse-bias.
The role of a neat TMO film in interconnecting units was analyzed by angular-resolved mea-
surements of the emission characteristics of twofold stacked OLEDs combined with optical
simulation. A critical thickness of the Cs2CO3 doped BPhen layer and WO3 film, together
forming the interface between the two sub-OLEDs, was determined to be 5 and 2.5 nm,
respectively. Photoelectron spectroscopy and KP analysis revealed the formation of an in-
terface dipole between the two layers, followed by a subsequent space charge region within
BPhen:Cs2CO3, leading to an energy level alignment between its LUMO level and the CB
minimum of WO3. Very similar to the results of hole injection assisted by MoO3, it was
demonstrated that the energetic difference between the CB minimum of WO3 and the HOMO
level of the neighboring TCTA layer only amounts to 0.8 eV. Consequently, an electric field-
assisted charge generation was attributed exclusively to the WO3/TCTA interface. In con-
trast to previous publications attributing the charge generation to the interface between the
n-doped ETL and the TMO, it could be demonstrated that the neighboring BPhen:Cs2CO3

layer is only necessary for the efficient electron injection from the TMO into the adjacent
sub-OLED after the actual charge generation at the TMO/HTL interface.

Finally, a novel p-i-n homojunction OLED based on CBP was presented which operates
both as a violet light emitting diode and a visible blind photodiode. P- and n-type doping of
the thin injection layers was established by MoO3 and Cs2CO3, respectively. Operating as
photovoltaic device, a very high open circuit voltage around 2.9 eV was found. Additionally,
a superlinear relationship was demonstrated between the spectral photocurrent and the
irradiated optical power density, independent of the wavelength of illumination in the range
of the fundamental absorption of CBP. A superlinear increase of photoconductivity due to
the filling of tail states by the photogenerated charge carriers as well as a partial multi-
photon absorption process by excitons were given as possible explanations. Operating the
p-i-n homojunction as light emitting diode, a violet light emission was shown corresponding
to the photoluminescence of CBP. The low external quantum efficiency of 0.25 % on average
was attributed to the absence of charge confining layers within the device. Nevertheless,
this novel class of organic devices is supposed to give a new insight into the mechanisms of
organic semiconductors.

face, however, is supposed to lower the efficiency of the p-n homojunction-CGL expressed
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A Molecular Structures

Organic materials mentioned in this work are listed by their commonly cited abbreviations
together with their constitutional formula. The organic materials employed for this work are
illustrated in Figure A.1 together with the indication of their molecular weight.

1-TNATA : 4,4’,4”-Tris(N-(1-naphthyl)-Nphenylamino)-triphenylamine
2-TNATA : 4,4’,4”-Tris(N-(2-naphthyl)-Nphenylamino)-triphenylamine
Alq3 : Tris(8-quinolato)aluminum
BCP : 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
BPhen : 4,7-diphenyl-1,10 phenanthroline
BSBF : 2-(9,9’-spirobifluoren-2-yl)-9,9’-spirobifluorene
C60 : buckminsterfullerene
CBP : 4,4’-bis(carbazol-9-yl)biphenyl
CoCp2 : bis-(cyclopentadienyl)cobalt(II)
CoCp∗

2 : decamethylcobaltocene
CZBDF : Bis(carbazolyl)benzodifuran
DDQ : dichlorodicyanoquinone
F4-TCNQ : 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane
HAT-CN : 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile
Ir(ppy)3 : fac tris(2-phenylpyridin)iridium
m-MTDATA : 4,4’,4”-tris(3-methylphenylphenylamino)triphenylamine
MEH-PPV : poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene)
MeO-TPD : N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine
NBPhen : 2,9-Bis(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline
NPB : N,N’-diphenyl-N,N’-bis(1,1’-biphenyl)-4,4’-diamine
PEDOT : Poly(3,4-ethylenedioxy)thiophene
Pentacen
PFO : poly(9,9dioctylfluorene)
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PSS : Poly(styrenesulfonate)
RR-P3HT : regioregular poly(3-hexylthiophene)
Ru(terpy)2 : transition metal complex bis(terpyridine)ruthenium(II)
S-2CBP : 2,7-Bis(9-carbazolyl)-9,9-spirobifluorene
TAPC : 1,1-bis(di-4-tolylaminophenyl)cyclohexane
TCNQ : tetracyanoquinodimethane
TCTA : 4,4’,4”-Tri(N-carbazolyl)-triphenylamin
TDATA : 4,4’,4”-tris-N,N-diphenyl-amino-triphenylamine
TPBI : 1,3,5-tri(phenyl-2-benzimidazole)-benzene
TPD : N,N-bis(3-methylphenyl)-N,N-diphenylbenzidine
ZnPc : zinc phthalocyanine
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Figure A.1: Molecular structures and the molecular weight of the organic materials used in
this work.
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