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1. Motivation

Organic light-emitting diodes (OLEDs) are flat large-area light sources with a diffuse
light emission. A typical OLED structure has a total thickness of only 100 to 500 nm
and consists of several organic layers sandwiched between two electrodes. Light emission
results from a process called electroluminescence, i.e. electrons and holes are injected
into the device and recombine to generate photons1.

Since the publication of the first low-voltage OLED based on small molecules by Tang
and VanSlyke in 19872 and the first report on OLEDs based on polymers by Burroughes
et al. in 19903, intense research has resulted in a vast number of publications and patents
in the area of OLEDs. Both their power conversion efficiency as well as lifetime have
been continually improved through novel materials and device architectures.

Besides the implementation of OLEDs in displays due to their high contrast and
excellent viewing angle characteristics, these light sources have a great potential for
applications in general lighting, thus aiming at a market with a global size exceeding
$90 billion4. Keeping in mind that about one sixth of the total electricity is consumed for
general lighting4, it is inevitable to use energy-efficient, long-living and environmentally
friendly light sources. In fact, white OLEDs are now on the edge of being introduced
as commercial light sources, cf. Fig. 1.1(a).

OLEDs can be produced not only on glass substrates, but also on flexible substrates
such as plastic or metal foils, leading to many new innovative designs. Moreover, it
is even possible to fabricate OLEDs that are almost completely transparent and, thus,
could be used as windows during daytime while emitting diffuse light at night. The
unique shape of OLEDs even allows for a combination with other modern light sources
like inorganic LEDs, as can be seen in Fig. 1.1(b).

Regarding OLED efficacy, i.e. the fraction of emitted visible light relative to the
electric power, a value of 66 lm/W has been demonstrated for a white OLED4. The
device used a thin light extraction layer and it was based on a hybrid architecture, i.e.
a combination of a blue fluorescent as well as yellow and red phosphorescent emission
layers. Although this efficacy value is superior to incandescent lamps having an efficacy
around 15 lm/W, at first glance OLEDs appear to be less efficient than LEDs with
reported efficacies of more than 100 lm/W. However, LEDs require a fixture, which
significantly reduces their efficacy by usually more than 60% when sold as a luminaire4.
The OLED by itself is almost a luminaire and just requires a driver, which reduces the
efficiency by only 10–15%.
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1 Motivation

(a) (b)

Figure 1.1: (a) Orbeos OLED panel from OSRAM5. The panel has an active area
of 49 cm2. (b) PirOLED, an OSRAM table light with a height of 88 cm, combining
both OLEDs and LEDs6.

In terms of lifetime, inorganic LEDs are still superior to OLEDs. Nevertheless, OLED
lifetimes well above 10.000 hours have been demonstrated before a 30% reduction in
light output is reached4. Certainly, the first OLED products on the market are too
expensive compared to other light sources. However, a cost reduction with large-scale
manufacturing is projected until 2015, aiming at costs below $100 per square meter4,7.
Thus, it is expected that OLED luminaires will soon be competitive to other light
sources in terms of efficacy, lifetime and costs.
Comparing reported efficacy values with the theoretical maximum of 184 lm/W for a

typical hybrid stack or even 249 lm/W for an all-phosphorescent device, it is apparent
that there is clearly a lot of room for improvement4. The main reason for this large
discrepancy is a rather low light extraction (or outcoupling) efficiency ηout. As a result
of the large difference in refractive index between air (n = 1.0), glass (n ≈ 1.5), and
organic layers (n ≈ 1.7 − 2.0), only a small fraction of light can leave the device. In a
typical OLED with optimized cavity structure, only about 20% of the light is directly
emitted into air, and roughly the same amount is trapped inside the glass substrate
owing to total internal reflection at the interface between glass and air8. By applying
outcoupling enhancement structures like prisms, microlense arrays or microstructured
substrates, it is possible to extract a large fraction of substrate modes9–12.
The remaining power is lost to waveguide modes, which propagate inside the organic

layers, or lost to surface plasmons, i.e. guided electromagnetic surface waves traveling
along the interface between the organic material and the metallic cathode. Coupling to
waveguide modes and SPs causes losses of typically 50% in conventional small molecule
based OLEDs13,14, thus representing the main limitation for highly efficient OLEDs in
general lighting.
With improved light outcoupling, the same emission intensity could be obtained at a

lower driving current, which would result in a substantial increase in device lifetime4,15.
Alternatively, a higher light outcoupling efficiency allows for obtaining more light for

2



1 Motivation

the same amount of electrical power. Altogether, an enhanced light extraction makes
OLEDs more energy-efficient and thus contributes to global energy saving.

Although the physics of an excited molecule inside a simple cavity has been inves-
tigated for a long time16–18, this topic experiences a completely new application in
OLEDs. In this context, several modern fields of physics and optics like plasmonics
and cavity physics need to be merged in order to completely understand OLEDs and
to further improve their efficiency.

The scope of this thesis is to thoroughly analyze the most important aspects regarding
light extraction in OLEDs. Besides a fundamental discussion of a variety of existing light
extraction strategies and of the fundamental physics behind each approach, several novel
techniques with high potential will be introduced and compared in terms of performance
and applicability. The reduction of power dissipation to surface plasmons and waveguide
modes as well as the recovery of lost power will be the major topics of this work, because
they are promising ways to strongly enhance the outcoupling efficiency.

In detail, this thesis is organized in the following way:

• Chapter 2 gives a basic introduction to organic semiconductors and explains the
principles of OLED operation. The factors that determine the efficiency of an
OLED will be defined. In particular, all optical channels that influence the out-
coupling efficiency will be discussed. Moreover, some well-known OLED materi-
als and the preparation of OLEDs will be presented. Finally, several exemplary
OLEDs will be demonstrated to explain some basic concepts of stack design.

• Chapter 3 explains the interaction of electromagnetic waves with matter. Since
OLEDs inherently represent a planar multilayer stack, the reflection and refraction
of electromagnetic waves will be reviewed, and a transfer-matrix formulation will
be introduced. Moreover, a discussion of waveguide and leaky modes in thin film
structures will be presented.

• Chapter 4 is devoted to surface plasmon polaritons (often simply called surface
plasmons, SPs). The dispersion relation of SPs will be derived, and different
methods for the excitation of SPs by incident light will be reviewed. The chapter
closes with the demonstration of a novel surface plasmon resonance sensor which
utilizes an OLED as integrated light source.

• Chapter 5 introduces the optical simulation program which is used to calculate
the power dissipation spectrum of an exemplary OLED. In addition, the angular
dependent emission spectrum of the OLED will be simulated and compared to
measurements. The theoretical outcoupling efficiency will be derived and an opti-
mization of the OLED device structure by varying the thickness of the transport
layers will be presented.

3



1 Motivation

• Chapter 6 contains an overview of existing light extraction techniques which are
commonly used to extract substrate modes, waveguide modes, or surface plas-
mons. Special OLED geometries like microcavity devices as well as top-emitting
OLEDs and transparent OLEDs will be discussed. Furthermore, the influence of
high-index substrates will be addressed and analyzed by optical simulations.

• Chapter 7 is dedicated to the near-field coupling approach. In this technique,
molecules with an appropriate absorption spectrum are placed close to a thin
metallic layer in order to recover some of the energy which is usually lost to SPs.
Optical simulations will be used to clarify the basic principle of this method.
By measuring the excited state lifetime, the energy transfer process from SPs to
molecules will be experimentally verified. To study the influence of the thickness
of the metallic layer, a systematic thickness variation will be investigated. Finally,
the efficiency of recovering energy dissipated to SPs by using this approach will
be estimated.

• Chapter 8 introduces the grating coupling approach, which makes use of peri-
odic grating structures in order to transform waveguide modes and SPs into free-
space radiation by Bragg scattering. One-dimensional line gratings fabricated by
nanoimprint will be used to extract bound modes and to clarify the influence of the
grating period. Moreover, extraction of SPs using the periodic structure induced
by a DVD stamp will be presented to demonstrate the low-cost, high-quality and
large-area applicability of grating structures in optoelectronic devices.

• Chapter 9 explains the physical background of the prism coupling method. This
approach is based on a reversed Kretschmann configuration, i.e. SPs propagating
at a thin metallic layer can transform into free-space radiation on the opposite
side of the metal if there is a medium with large enough refractive index. The
influence of the thickness of both the metal and the organic layer will be stud-
ied by thickness variations and comparison of photoluminescence experiments to
simulations. Furthermore, it will be demonstrated that this technique can also be
applied to extract waveguide modes.

• Chapter 10 studies the high-index coupling technique, which has a physical back-
ground similar to prism coupling. By using layers with a particularly high refrac-
tive index next to a thin metallic layer, it is possible to extract SPs and waveguides
from organic layers with an arbitrary thickness. The basic principle will be illus-
trated by varying the material of the high-index layer. It will be presented that
this technique even allows for extracting SPs and waveguide modes from real
OLED devices. To demonstrate the high potential of this novel method, optical
simulations will be performed to predict the extraction efficiency. The chapter
closes with a discussion of the technical implementation of high-index coupling.

4
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• Chapter 11 investigates the effects of a non-isotropic emitter orientation. A pre-
dominantly horizontal orientation strongly reduces the initial coupling to SPs,
thus rendering a recovery almost unnecessary. Optical simulations will be used to
demonstrate the impact of emitter orientation on OLED efficiency. Subsequently,
a novel method will be presented, which allows for a straightforward and quanti-
tative determination of the orientation in fluorescent thin films even in the case
of doped layers. In contrast to the general opinion that small molecules deposited
by evaporation are isotropically oriented, evidence of a considerable non-isotropic
orientation will be provided. The huge potential of horizontally oriented emitters
in small molecule OLEDs will be demonstrated for the first time by comparing the
efficiency of OLEDs based on two emitters which have comparable properties ex-
cept for their degree of orientation. The chapter closes with experimental results
which indicate that even phosphorescent emitters can exhibit an explicit non-
isotropic orientation, thus opening up new prospects for extremely high OLED
efficiencies.

• The thesis concludes with a summary of the main results and gives an outlook on
promising future investigations.
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2. Introduction to organic light-emitting
diodes (OLEDs)

This chapter discusses the basic properties of organic semiconductors. In addition, light
emission by fluorescence and phosphorescence will be explained in order to understand
the operation principle of organic light-emitting diodes (OLEDs). The different factors
which determine the efficiency of an OLED will be defined. In particular, the importance
of the outcoupling efficiency will be illustrated by discussing all optical loss channels
which occur in an OLED under operation. Next, typical organic materials will be
introduced and the preparation of OLEDs will be explained. Several rules for optimizing
an OLED stack will be presented on the basis of four OLEDs with different device
structures. Finally, the current-voltage-luminance characteristics and efficiencies will
be compared for two green-emitting OLEDs based on fluorescent and phosphorescent
emitter materials, respectively.

2.1. Organic semiconductors

The field of organic electronics has attracted great interest in academic and industrial
research due to many promising applications like organic light-emitting diodes, organic
field-effect transistors (OFETs) and organic photovoltaic cells (OPVCs). All areas of
organic electronics have in common that they use organic compounds which include con-
jugated π-electron systems in their structures1. These materials are mainly constructed
of carbon and hydrogen atoms but often contain other elements like nitrogen, oxygen
or sulfur and even metals like aluminum, platinum or iridium. In general, two types of
organic semiconductors can be distinguished: the class of small molecule materials and
the class of polymers, i.e. long chain like molecules composed of repeating structural
units. While small molecules have a specific and rather low molecular weight (up to
about 1000 u), polymeric materials usually have a higher molecular weight. Since poly-
mers show a distribution of chain length, it is common to specify the average molecular
weight. Concerning device fabrication, small molecular materials are usually deposited
from the gas phase by thermal evaporation while polymers are processed from solution
by methods like spin coating or printing.
Both material classes have in common that the basic molecular structure contains

covalent σ-bonds and conjugated π-bonds as exemplarily shown in Fig. 2.1 for the
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Figure 2.1: Two representations of ethene illustrating the σ-bonds and the conju-
gated π-bonds which are delocalized between both carbon atoms. The σ-bond between
each C–H bonding is not shown for reasons of clarity.

hydrocarbon ethene (C2H4). Besides ethyne (C2H2), this is one of the simplest molecules
containing a conjugated π-electron system. The carbon atoms in this coplanar molecule
are sp2-hybridized, i.e. three degenerate orbitals are constructed out of one s- and two
p-orbitals, with a σ-bond between each C–H and C–C bond19. The remaining pz-orbitals
are oriented perpendicular with respect to the plane of the sp2-orbitals. The pz-orbitals
of the two neighboring carbon atoms overlap above and below the plane of the molecule
and form a delocalized π-system.

Organic compounds usually are neutral molecules with closed electron shells. The
covalent σ-bonds are stronger than the π-bonds and thus account for the main in-
tramolecular stability. In contrast, the π-bonds are responsible for the weak intermolec-
ular bonding. The molecules may have a permanent or induced dipole moment so that
the intermolecular stability is determined by van der Waals forces1. Due to the weak
interaction, the molecules remain intact within the solid and directly determine the
physical properties of the material. Thus, for example, the size of a molecule in a film
is only slightly changed compared to free molecules. Organic semiconductors usually
have a low electronic conductivity compared to their inorganic counterparts and they
are relatively soft solids with a comparatively low melting point.

Besides the intermolecular bonding, the π-electron system also determines the elec-
trical and optical properties of organic semiconductors. The π-bonds possess electronic
excitation energies in the range of only a few electron volts (eV) and hence absorb and
emit in the visible, near infrared and the near ultraviolet spectral regions. The lowest
electronic excitation is a π-π∗-transition between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)19. The excited state is
a coulombically bound electron-hole pair and is termed an exciton, i.e. a neutral elec-
tronic state with an excitation energy which is smaller than the energy required for the
formation of a free electron-hole pair1. The exciton binding energy is typically around
0.5 to 1 eV.

8



2.2 Fluorescence and phosphorescence

Concerning charge transport, the carriers must be thermally activated in order to
hop from molecule to molecule and the process of electrical conduction is referred to as
hopping conduction1. Due to the required thermal activation, the mobility in disordered
molecular solids increases with rising temperature.

2.2. Fluorescence and phosphorescence

The basic optical processes in an organic semiconductor are illustrated in the energy
level scheme in Fig. 2.2. Here, Sn (n ≥ 0) denotes an electronic singlet state in which
the two outermost electrons are coupled pairwise to a total spin quantum number of
zero. If both electrons have a parallel spin orientation, resulting in a total spin quantum
number of one, the electronic levels are called triplet levels Tn (n ≥ 1). As a rule, the
electronic ground state of a molecule with an even number of electrons is a singlet state
and is denoted S0. By absorption of an incident photon, one of the electrons can be lifted
to a higher electronic state Sn. All excited states Sn or Tn, except for the two lowest
terms S1 and T1, are very short-lived. They release their excess energy very rapidly
and relax nonradiatively to the first excited state S1 or T1, respectively. This process
of conversion of electronic excitation energy into heat is called internal conversion. The
process of a radiative transition from the S1 to the S0 state is called fluorescence. This
transition is allowed by symmetry and it is often very efficient. The decay is fast with
an excited state lifetime of the order of a few nanoseconds. The radiative transition
from the T1 state to the ground state is called phosphorescence. In contrast to the
fluorescent decay, this transition is usually not allowed by symmetry. Therefore, the
decay is inefficient and usually slow with a lifetime of typically milliseconds. Transitions
between the singlet and the triplet systems, so called intersystem crossings (ISC), are
normally forbidden.
It should be noted that the classification of states according to their total spin quan-

tum numbers assumes a vanishing spin-orbit coupling. For materials with a small
number of nuclear charges, e.g. for carbon and hydrogen, the spin-orbit coupling is very
weak1. Therefore, the lifetime of the T1 state is long but not infinite. The intersys-
tem crossing from triplet to singlet states and vice versa is partially allowed by the
very weak spin-orbit coupling. When the molecules contain atoms heavier than car-
bon and hydrogen, for example bromine, iodine or especially heavy metal atoms like
platinum or iridium, the intersystem crossing rate between the singlet and the triplet
systems increases significantly due to the stronger spin-orbit interaction. In that case,
the phosphorescent decay of excited triplet states can be very efficient. An example for
phosphorescent emission will be discussed in Sec. 2.7.3.
In addition to the electronic energy levels, there are a number of superimposed vi-

brational sublevels which describe excited molecular vibrations within the molecule. A
higher excited vibrational level rapidly relaxes back to the vibrational ground state of
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Figure 2.2: Energy level scheme of an organic molecule showing the most important
transitions between various singlet levels (Sn) and triplet levels (Tn)1,19. The ori-
entation of the spins of the two outermost electrons is indicated for each electronic
state. S0 denotes the electronic ground state. The levels above each electronic state
correspond to vibronic sublevels. Arrows with solid lines denote radiative transitions,
those with broken lines refer to either nonradiative or normally forbidden transitions.
The rate constant for absorption is indicated by k, the fluorescent decay rate by Γr,
nonradiative transitions from singlet levels by Γnr and the intersystem crossing rate by
kISC. Nonradiative transitions from triplet levels are not indicated. Strictly speaking,
the discrete levels are only valid for free molecules whereas in disordered molecular
films the states are more accurately described by broader excitonic bands, which are
omitted for reasons of clarity.

the respective electronic state. According to the Franck-Condon principle, an electronic
transition is more likely to happen if the vibrational wave functions of the initial and
final state overlap more significantly. Generally, excited electronic states are spatially
more extended and therefore the atoms in the molecule possibly have a different equi-
librium distance in comparison to the ground state. Since electronic transitions are
essentially instantaneous compared with the time scale of nuclear motion, it is likely
that the transition from the lowest vibrational level of the S0 state ends in a higher
vibrational level of the S1 state and vice versa. Thus, the absorption and emission
spectra of organic molecules have mirror symmetry. Since the energy of an absorbed
photon required to excite an electron from the S0 state to a vibrational level of the
S1 state is larger than the energy of the reverse process of photon emission during a
transition from the S1 state back to a vibrational level of the S0 state, the emission
spectrum is red-shifted in comparison to the absorption spectrum. This effect is known
as Stokes-shift and it is apparent in Fig. 2.3 which shows the absorption and fluores-
cence of tris-(8-hydroxyquinoline)aluminum (Alq3). In addition, it can be seen that the
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Figure 2.3: Absorption and fluorescence of Alq3. The absorption coefficient α was
calculated from the optical constants of Alq3 (cf. appendix Sec. A.2) according to
α = 4π · κ/λ, where λ is the wavelength and κ describes the extinction coefficient,
i.e. the imaginary part of the complex index of refraction. The fluorescence spectrum
represents the photoluminescence spectrum of a 50 nm thick Alq3 film on a glass
substrate under excitation with a 375 nm laser diode.

absorption coefficient of organic semiconductors for the allowed singlet-singlet transition
is very large, for instance about α = 4× 104 cm−1 in the case of Alq3.

In addition to fluorescence and phosphorescence which describe transitions within
one molecule, there are a number of less probable bimolecular excitonic processes many
of which eventually lead to quenching, i.e. a nonradiative reduction of available ex-
cited states1. For instance, two triplet excitons can combine according to the scheme
T1 + T1 → S0 + Tn → T1. This process is called triplet-triplet annihilation and reduces
the number of excited triplet states. On the other hand, two triplet excitons can also
combine their energy and form a singlet exciton: T1 + T1 → S0 +Sn → S1. In this pro-
cess, which is called delayed fluorescence20,21, the excited state lifetime is determined
by the triplet exciton lifetime whereas the quantum energy of the emitted radiation
corresponds to singlet excitons. Additionally, singlet-triplet as well as singlet-singlet
annihilation may occur. These quenching processes become stronger with increasing
excitation intensity, i.e. with an increasing steady-state concentration of S1 and T1 ex-
citons. Finally, excitons can also be quenched by charge carriers or at interfaces22–24.
Especially an emitter position close to one of the electrodes results in significant quench-
ing of excitons25–28.

2.3. OLED device structure and operation

In this section, the basic process of light emission through electrical excitation in an
OLED will be discussed. In general, this effect is called electroluminescence (EL),
whereas luminescence under excitation with light is termed photoluminescence (PL).
From a historical point of view, the phenomenon of electroluminescence in organic
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2 Introduction to organic light-emitting diodes (OLEDs)

solids has been known for almost 50 years. Pope et al. as well as Helfrich and Schneider
discovered and investigated the electroluminescence of anthracene single crystals be-
tween two electrodes29,30. They used highly-purified crystal platelets with a thickness
between 10 µm and 5mm, hence a high voltage of several hundred to more than thou-
sand volts was required in order to create electroluminescence from the thick crystals.
In 1970, Williams and Schadt used laterally-structured electrodes to define the area of
emission31. In addition, they encapsulated their device in order to protect it against
air, in a manner that is basically still used today.

The major breakthrough occurred in 1987 when Tang and VanSlyke published their
results about “Organic electroluminescent diodes”2. They were the first to build a het-
erostructure OLED using low molecular weight evaporated organic thin films with a
thickness of around 100 nm. This approach reduced the required voltage significantly,
and an external quantum efficiency of 1 photon per 100 injected electrons was obtained.
Three years later, Burroughes and co-workers produced the first OLED using polymers
deposited from solution by spin coating3. These results were the beginning of a world-
wide research and development in the field of OLEDs, both based on small molecules
and polymers.

In principle, the simplest possible OLED consists of only one organic layer sandwiched
between two electrodes, i.e. the anode and the cathode32. However, a multilayer OLED
made of at least two organic layers is superior in terms of efficiency and lifetime because
the properties of the OLED can be defined depending on the choice of materials. A
typical stack layout of such an OLED is displayed in Fig. 2.4. The positively biased
anode is required in order to inject holes into the hole transport layer (HTL), as will
be explained below. Similarly, electrons are injected from the cathode into the electron
transport layer (ETL). In some cases, the ETL is simultaneously the emission layer
(EML)2,33. In other cases, a separate layer is used as EML. High-efficiency OLEDs
often employ many additional layers like separate blocking and injection layers. The
individual functions and benefits of these layers will be discussed in Sec. 2.7.2.

The most common substrate material is glass, but also other materials can be used.
For bottom-emitting OLEDs which emit light through the substrate, it is also possible
to use transparent polymer foils. Moreover, top-emitting OLEDs may also be produced
on metal foils or silicon wafers.

One of the two electrodes must be semitransparent so that the produced light can
leave the device. Frequently, the anode of an OLED consists of indium-tin oxide (ITO),
which is highly transparent and shows a good electrical conductivity. In general, anode
materials need a high work function which makes also metals like gold a suitable choice.
For the cathode, low work function metals like calcium or magnesium are often used in
combination with a highly reflective and less reactive metal like aluminum or silver.

Since many organic materials and low work function metals are not stable under
ambient conditions34, i.e. they often react with oxygen and moisture, it is necessary
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ETL/EML
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Cathode

V

Figure 2.4: Simplified illustration of a two-layer OLED stack. ETL, EML and HTL
denote the electron transport layer, the emission layer and the hole transport layer,
respectively. In order to obtain light emission, a negative voltage must be applied to
the cathode.

to protect the materials with an air-tight encapsulation. The most common method
utilizes a cover glass that is glued to the substrate, thus creating a cavity filled with
inert gas when the process is carried out in a glovebox system. In addition, a getter
can be used in this cavity to absorb small amounts of oxygen and water that penetrate
through the encapsulation in the course of time.

The active area of the OLED is defined as the overlap of the two electrodes. Hence,
OLEDs can in principle have any shape and size and they are therefore suited for a wide
range of applications, cf. Fig. 2.5. Laboratory OLEDs have a typical size of a few mm2.
In commercial products the active area of the OLEDs has already been scaled-up to
around 50 cm2 and beyond. The thickness of the organic layers is typically in the range
between 10 and a few 100 nanometers. Altogether, OLEDs are very thin, large-area
light sources in contrast to other products which are usually either point sources, e.g.
incandescent light bulbs or light-emitting diodes (LEDs), or linear light sources, e.g.
fluorescent tubes.

The basic processes under operation are illustrated in Fig. 2.6 for an OLED with two
organic layers1. An external voltage source of typically a few volts is applied to the
device so that the two types of charge carriers are injected from the opposite electrodes,
i.e. electrons from the cathode and holes from the anode, and drift towards each other.
When the initially free electrons and holes meet, they can create coulombically bound
excitons in the organic layer by a diffusive process called Langevin recombination. Sub-
sequently, these excitons may decay radiatively. In detail, the whole process can be
separated into four fundamental steps as denominated in Fig. 2.6:
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2 Introduction to organic light-emitting diodes (OLEDs)

Figure 2.5: Different OLEDs demonstrating the facile manufacturing of arbitrary
shapes. The photograph in the middle was recorded with some background illumina-
tion. The black area is the metallic cathode. The shape in all OLEDs was defined by
a photolithography structuring step of a photoresist between two extensive electrodes.
The left picture also shows some light emission through the edges of the device.

(1) Injection of electrons and holes

(2) Transport of charge carriers

(3) Recombination of electrons and holes to form excitons

(4) Radiative exciton decay and emission of light

As mentioned above, the anode should have a high work function ΦA whereas the
cathode ideally has a low work function ΦC, so that the barriers for the injection of
holes into the HOMO and for the injection of electrons into the LUMO are as small
as possible. For this to occur, the respective energy barriers ΦB,h and ΦB,e must be
overcome. The contact of the two electrodes across the organic layers produces an
internal electric field with the built-in voltage ΦBI. This prevents the transport of
injected electrons and holes when no external voltage is applied. Current can only
flow if a negative voltage is applied to the cathode and if the external voltage is larger
in magnitude than the built-in contact potential. When electrons and holes meet in
the device, they can form excitons which finally can decay radiatively and contribute
to the electroluminescence. With a suitable choice of layer thicknesses, recombination
occurs only in the neighborhood of the HTL/ETL interface. This is favorable because
recombination near the electrodes usually causes quenching and therefore a reduction
in efficiency. Both the energy gap and the exciton energy, and thus the wavelength of
the emitted light, depend on the utilized materials. With the great variety of applicable
organic semiconductors to choose from, it is possible to fabricate OLEDs with emission
colors in the whole visible spectral range. Examples for different types of OLEDs with
a variety of emission colors will be presented in Sec. 2.7.3.
One of the peculiarities of organic emitters is their intrinsic broad spectrum which

can also be seen in Fig. 2.3. By the combination of several organic emitters with
different emission spectra it is possible to create a very broad white emission spectrum
with an excellent color rendering index (CRI), i.e. the ability to reproduce the color of

14



2.3 OLED device structure and operation

(1)
(2)

(1)
(2)

(4)

ΦA

ΦB,h

ΦB,e

ΦC

Anode Cathode

HOMO

LUMO

Vacuum level

ΦBI

eV

Hole transport layer Electron transport layer

Exciton

(3)

(3)

Figure 2.6: Schematic energy diagram and charge carrier processes in a two-layer
OLED illustrating the basic processes of electroluminescence. (1) Injection of elec-
trons from the cathode into the LUMO and of holes from the anode into the HOMO,
(2) transport of charge carriers, (3) recombination of electrons and holes to form
excitons, and (4) radiative exciton decay and emission of light. ΦB,h describes the
injection barrier for holes whereas ΦB,e is the barrier for electrons. Since the anode
and cathode have different work functions ΦA and ΦC, respectively, a built-in voltage
ΦBI exists in the device. Therefore, an external voltage V is applied with its polarity
chosen to allow the current to flow in the pass direction through the diode, thus lifting
the cathode level by eV with e describing the elementary charge. If the polarity is re-
versed, neither electrons nor holes can be transported33. Under forward bias, charge
carriers are blocked by the barrier at the interface between both organic materials
which results from the differences in HOMO and LUMO levels. Thus, recombination
occurs close to the interface in the ETL which is also the emission layer. It should
be noted that HOMO and LUMO levels are not sharp in these noncrystalline layers,
but are drawn as sharp levels for clarity.

illuminated objects. This is a clear advantage in comparison to fluorescent tubes and
LEDs which intrinsically have narrow emission bands and thus require additional color
conversion.

There are several methods in order to create OLEDs with a white emission spec-
trum35,36. For example, three separate OLEDs with blue, green and red emission color
may be placed next to each other. This is common in displays but it is not appropriate
for applications in general lighting which requires a large, homogeneous emission area.
For this purpose, it is more suitable to stack three emission layers on top of each other
within one OLED or to stack three complete monochromatic OLEDs. In addition, white
light from OLEDs may be produced similar to inorganic LEDs, i.e. by combining a blue
OLED with either red and green or yellow external color converters35,37. Depending on
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2 Introduction to organic light-emitting diodes (OLEDs)

the method and the choice of materials it is possible to cover a large variety of colors
and color temperatures within the CIE 1931 color space (Commission internationale de
l’éclairage).

2.4. External quantum efficiency

Apart from its spectral characteristics, the most important parameter characterizing an
OLED is the external electroluminescence quantum efficiency (EQE) that describes the
ratio between the number of emitted photons and injected charge carriers38:

ηEQE = γ · ηST · qeff · ηout. (2.1)

Here, γ describes the charge carrier balance, ηST is the fraction of spin-allowed excitons
(sometimes called singlet/triplet factor), qeff represents the effective radiative quantum
efficiency of the emitting material, and ηout is the outcoupling efficiency.

The charge carrier balance γ depends on the number of electrons and holes that are
injected and transported per unit of time. If all injected electrons and holes are con-
sumed by recombination, then γ = 1. If the numbers of electrons and holes are different,
then the excess part of the charge carriers does not contribute to the production of light,
and the efficiency of the OLED is reduced. The charge carrier balance can be brought
close to unity by using multilayer stacks with doped transport layers and additional
blocking layers, cf. Sec. 2.7.2.

The fraction of spin-allowed excitons ηST describes the probability of formation of an
exciton that is allowed to decay radiatively according to the spin selection rules. Under
electrical operation, singlet and triplet excitons are formed by recombination of electrons
and holes. However, the probability of forming a triplet exciton is statistically three
times higher than the probability of forming a singlet exciton, since the distribution
of spin orientations of the injected electrons and holes is isotropic and every triplet
state is threefold degenerate. Therefore, ηST is believed to have a value of 25% for
fluorescent emitters which only make use of singlet excitons39,40. However, this value
might be enhanced by triplet-triplet annihilation20,21. In the context of conjugated
polymer systems, there has been a debate whether the value might even be larger than
25%41–45. A significant efficiency enhancement can be obtained by using phosphorescent
materials which harvest both singlet and triplet excitons, hence ηST can be raised to
100%46–48.

The effective radiative quantum efficiency qeff corresponds to the radiative (also PL
or intrinsic) quantum efficiency q, i.e. the ratio of the number of emitted photons to the
number of absorbed photons under PL excitation, modified by the cavity of the OLED
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2.4 External quantum efficiency

device8,26,49. The intrinsic radiative quantum efficiency q of an emitter is defined as

q =
Γr

Γr + Γnr
, (2.2)

where Γr is the radiative decay rate and Γnr is the sum of all competing nonradiative
decay rates. It is apparent that every nonradiative contribution to the decay reduces
the radiative quantum efficiency. Certainly, q should be close to 1 and fortunately there
is a wide range of materials with a value of q between 0.5 and 1.
In an infinite homogeneous medium, qeff and q are identical. However, due to the

many layers with different optical properties in an OLED, interference effects modify
the radiative rate Γr → Γ∗r = F · Γr. Here, F describes the Purcell factor50,51. By
contrast, the nonradiative decays like dissipation of excitation energy into heat are not
influenced by the cavity environment52. Thus, the effective radiative quantum efficiency
qeff can be defined as

qeff =
Γ∗r

Γ∗r + Γnr
=

F · Γr

F · Γr + Γnr
. (2.3)

The cavity effect can either increase or reduce the effective radiative quantum efficiency.
Consequently, the optimization of the OLED cavity is very important in terms of effi-
ciency as will be discussed in Secs. 5.1 and 5.5.
The product of the factors γ, ηST and qeff represents the internal quantum efficiency

ηint which describes the number of photons produced within a device divided by the
number of injected charges. Thus, Eq. (2.1) can be written as

ηEQE = ηint · ηout. (2.4)

By the utilization of phosphorescent emitters with high radiative quantum efficiency,
ηint can approach values close to one53–55.

The outcoupling or light extraction efficiency ηout describes the amount of generated
photons that can be extracted from the device. Unfortunately, there are several optical
loss channels besides the desired direct emission, hence ηout is the main factor in Eq. (2.1)
that still strongly limits the EQE. Since light extraction is the major subject of this
thesis, the characteristics of ηout and all optical loss channels will be explained in detail
in the next section.
In order to quantify the amount of visible light reaching the observer, one has to con-

sider the sensitivity of the human eye. The luminous flux Φv is obtained by multiplying
the radiant flux per wavelength ΦRλ with the response curve of the eye V (λ) (also
known as luminosity function) and integrating over the whole visible spectral range56:

Φv = Km

∫ 780nm

380nm
V (λ) · ΦRλ dλ, (2.5)

with the photopic constant Km = 683 lm/W. The units of Φv and ΦRλ are [Φv] = 1 lm
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(lm = lumen) and [ΦRλ] = 1 W/nm, respectively.

Besides the external quantum efficiency, the luminous efficacy ηP (often called lu-
minous power efficiency) is an important parameter which describes the ratio of the
luminous flux Φv to the electrical input power as1,57,58

ηP =
Φv

I · V
, (2.6)

where V is the operating voltage and I describes the current. The unit of ηP is [ηP] =

1 lm/W.

For a Lambertian light source, the luminous intensity Iv(θ) at an angle θ to the surface
normal is Iv(θ) = I0 · cos θ with I0 being the luminous intensity emitted perpendicular
to the surface. For such a light source, the luminance Lv is constant for all viewing
angles and the luminous efficacy simplifies to

ηP =
π · sr · Lv

j · V
, (2.7)

with j describing the current density1,59. The units of Iv, Lv and j are [Iv] = 1 cd,
[Lv] = 1 cd/m2 and [j] = 1 mA/cm2, respectively. In Eq. (2.7), sr (steradian) represents
the unit of solid angle (1 sr = 1m2/m2 = 1), which is strictly speaking required to
convert candela into lumen (1 lm = 1 sr · cd). All factors on the right hand side of
Eqs. (2.6) and (2.7) can be measured, hence ηP is an observable.

Another quantity that basically characterizes an OLED is the current efficiency ηL.
It is defined as the ratio between luminance and current density57:

ηL =
Lv

j
. (2.8)

The unit of ηL is [ηL] = 1 cd/A. Since both luminance and current density are directly
measurable, the current efficiency can be determined rather easily.

Although the applied voltage has no immediate effect on ηEQE and ηL, it directly
influences the luminous efficacy ηP. Consequently, it is important to keep voltage losses
due to charge injection barriers and charge transport resistance as low as possible in
order to produce a sustainable OLED with low power consumption.

2.5. Optical loss channels

As mentioned above, the outcoupling efficiency ηout still is a strongly limiting factor
for high-efficiency OLEDs. The main problems arise from total internal reflection due
to the high refractive index of the organic layers (norganic = 1.7 − 2.2 depending on
wavelength and material) in comparison to air (nair = 1.0) and glass (nglass ≈ 1.5) as
well as from coupling to the metallic cathode, as will be explained on the basis of Fig. 2.7.

18



2.5 Optical loss channels

Cathode

Organic layers (n ≈1.8) 

Anode (n ≈ 1.9)

Substrate (n = 1.5)

Glass prism (n = 1.5)

Near-field coupling to surface plasmons

Waveguide
modes

Emitter

Emission to
substrate

Emission to air

θ

0° – 34° 

56° – 90° 

34° – 56° 

Figure 2.7: Schematic illustration of an OLED showing all optical loss channels.
Without outcoupling enhancement, only a small fraction of light is directly emitted
to air as shown in the left part of the figure. By applying e.g. an index-matched glass
hemisphere, also the substrate emission can be extracted, cf. the right part of the
figure.

Since nonradiative transitions, e.g. dissipation of excited energy into heat, are already
included in the effective radiative quantum efficiency qeff , the following discussion about
the outcoupling efficiency only treats radiative transitions. Generally, an excited state
can radiatively couple to one of the following four optical channels:

• Direct emission:
The direct emission to air is the only desired optical channel in a standard planar
device that generates radiation which may be used for e.g. illumination purposes if
no outcoupling structure is applied to the OLED, cf. left part of Fig. 2.7. Due to
the refraction at the interfaces, radiation can only leave the device if the emission
angle θ in the organic layers is smaller than around 34° with respect to the surface
normal (assuming norganic = 1.8).

• Substrate emission:
For larger emission angles between 34° and 56°, total internal reflection occurs
at the interface between air and glass, so that the radiation is trapped within
the glass substrate. This optical channel is often referred to as substrate modes.
By applying an outcoupling enhancement structure, e.g. an index-matched glass
hemisphere, total internal reflection at the air/glass interface is circumvented and
the substrate emission can leave the device, thus contributing to the useful radi-
ation as depicted in the right part of Fig. 2.7.

• Waveguide modes:
If the light is emitted under angles larger than 56°, the light is totally reflected
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at the interface between glass and the anode, which in the case of ITO has a
comparable refractive index (nITO = 1.7 − 2.1) as the organic layers. Thus, the
light is waveguided between the glass/anode interface and the reflecting cathode,
and may finally leave the device through the edges.

• Surface plasmons:
The main optical loss channel besides waveguide modes is coupling to surface
plasmon polaritons (or simply surface plasmons, SPs), i.e. guided electromagnetic
surface waves traveling along the interface between a dielectric and a metal. The
properties of SPs will be explained in detail in Chapter 4. Since the emitting
molecules in OLEDs usually are located in close proximity to a metallic interface,
it is possible to excite SPs via the optical near-field of the excited molecule. The
SPs travel along the organic/metal interface and are eventually dissipated into
heat.

In addition to these optical decay channels, light can also be absorbed by the organic
layers or the electrodes before it is emitted into air or the substrate. Naturally, this
effect is more pronounced in OLEDs comprising very thick organic layers but it also
depends on the absorption coefficient of the used materials.
Apparently, a large fraction of the produced radiation cannot leave the device but in-

stead is either trapped as substrate and waveguide modes or coupled to SPs. Therefore,
the light extraction efficiency and, as a consequence, the external quantum efficiency are
significantly limited. A rough estimation under the assumption of isotropic molecular
orientation and Lambertian emission yields an outcoupling efficiency of

ηout ≈
1

2n2
, (2.9)

where n is the refractive index of the emitting material38,59. For a refractive index of
norganic = 1.8 this yields a rough limit for the outcoupling efficiency of ηout = 15 %.
In other words, 85 % of the generated radiation is dissipated to unfavorable optical
channels. This estimate is also supported by optical simulations of a typical OLED with
optimized cavity structure where only about 20% of the light is emitted directly into
air and around 20% to 30% is trapped inside the glass substrate8,13,14,60. Coupling to
waveguide modes and SPs causes losses of typically 50% in conventional small molecule
based OLEDs.
Therefore, it is of crucial importance to enhance the outcoupling efficiency by either

reducing coupling to waveguide modes and SPs or by recovering some of these losses.
Chapter 6 will give an overview of different techniques for increased light extraction that
have been published in literature in the previous two decades. Subsequent chapters will
present detailed experimental results and extensions for some of these methods as well
as novel approaches that have been developed during the work for this thesis.

20



2.6 OLED preparation

2. Spin coating
of PEDOT/PSS

3. Deposition of
organic layers

1. Structuring
of ITO

4. Evaporation of
metallic cathode

Cross section Glass substrate

ITO

PEDOT/PSS

Organic
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Figure 2.8: Main steps of the OLED preparation process illustrating the shadow
masks used for the deposition of each layer. The active area is defined by the overlap
of the cathode and the anode as depicted by the red area and in the cross section.
It should be noted that the thicknesses are not true to scale. The four corners in
the ITO structure overlap with the cathode and thus simplify the application of
electrical contacts to the OLED. The corners are separated from the active area by
several millimeters so that negligible conduction occurs through the PEDOT/PSS
layer which covers the whole sample.

2.6. OLED preparation

This section explains the basic steps for fabricating typical small molecule OLEDs as
illustrated in Fig. 2.8. All OLEDs were fabricated on commercial glass substrates with
a size of 20 × 20 mm2 covered with 140 nm thick ITO as anode material. The ITO
layer is structured in a photolithography process in a cleanroom. A photoresist is spin
coated on the substrates, then dried by baking and finally exposed to UV light through
a shadow mask. After developing, the uncovered ITO areas are etched in hydrochloric
acid. Finally, the remaining photoresist is lifted-off, yielding the ITO structure as shown
in Fig. 2.8. After cleaning in ultrasonic baths with acetone, isopropyl alcohol and high
purity water, the substrates are exposed to an oxygen plasma to remove any residues
and to increase the work function of ITO61. Then, an approximately 30 nm thick layer of
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT/PSS, AI 4083, H.C.
Starck) is deposited onto the whole substrate by spin coating and subsequently dried
on a hot plate. This polymer layer helps to smooth the ITO surface and improves the
injection of holes into the organic layers. The chemical structure of PEDOT/PSS is
shown in Fig. 2.9.
Afterwards, the samples are transferred from the cleanroom to an evaporation cham-

ber which is attached to a nitrogen filled glovebox. The chamber has a base pressure
of typically 3 × 10−7 mbar. It contains six effusion cells for the thermal evaporation
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of organic materials and three places for the deposition of metals by resistive heating
using boats (e.g. for silver) or baskets (e.g. for aluminum). The deposition rates are
monitored using quartz crystal microbalances. Two of the effusion cells for organic
materials have a separate microbalance in order to independently control small rates
during the co-evaporation of two organic materials, which is required for doping of a
guest material into a host matrix. Typical deposition rates for organic materials and
metals are 1.2Å/s and 1.5Å/s, respectively.
The evaporation chamber has a rotary mask and sample holder system. Four samples

are placed in one holder, which in turn may be positioned at four different places, each
equipped with selectable shadow masks. Organic layers are usually deposited through
a square mask as shown in Fig. 2.8. The metallic cathode is evaporated using a shadow
mask with four separate openings. The active area of 2 × 2 mm2 is defined by the
overlap of the ITO anode and the cathode. Finally, the samples are encapsulated in
the glovebox using a cover glass and either a two-component glue or a UV-curing epoxy
with small spacers to form an inert gas cavity.
Comparing the fabrication of OLEDs based on small molecules and polymers, a clear

advantage of small molecules is the possibility to fabricate OLEDs with many differ-
ent and even doped layers, allowing for an optimization of the optical and electrical
properties. Small molecule OLEDs are further compatible with commercial in-line de-
position processes. Although polymers usually are decomposed by evaporation, they
are well suited for cost-efficient printing and roll-to-roll processes. However, it is much
more complicated to fabricate multilayer polymer OLEDs because orthogonal solvents
are required so that the previously deposited layers are not redissolved. Frequently,
PEDOT/PSS is used in polymer OLEDs because it can be spin coated from an aqueous
dispersion and therefore is compatible to polymers which are deposited from organic
solvents. It should also be noted that it is possible to produce multilayer polymer
OLEDs by crosslinking which renders a polymer layer almost insoluble62. However,
small molecule OLEDs typically have a higher efficiency and lifetime in comparison to
polymer OLEDs.

2.7. Basic stack design

The external quantum efficiency of an OLED with a singlet emitter remains small even if
the electron and hole currents are equal (γ = 1), and even if the organic layer has a large
radiative quantum efficiency, e.g. q = 50 %. In detail, according to Eq. (2.1) this yields
an EQE of only ηext ≈ 1 · 25 % · 50 % · 15 % ≈ 2 %. From this estimate, it becomes clear
which measures must be taken to optimize OLEDs in order to achieve a high efficiency:
a radiative decay from triplet states needs to be obtained, the balance between electron
and hole currents must be maintained, emission layers with high radiative quantum
efficiency must be used and the light extraction must be improved.
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Figure 2.9: Organic materials used for fabricating OLEDs in this section. In the
displayed skeletal formulas, carbon atoms are located at all vertices and termini of
line segments without being indicated with the atomic symbol C. Hydrogen atoms
attached to carbon atoms are not shown in this notation. Since each carbon atom
has four bonds, the correct number of hydrogen atoms is well-defined. The chemical
formula for each material as well as its function in an OLED is explained in the text.

This section shows examples of bottom-emitting OLED devices in order to demon-
strate some basic rules for stack design. At the beginning, the organic materials used
in the devices are explained. The first presented OLED uses a green fluorescent emitter
with only moderate efficiency, next a higher efficiency three-layer blue OLED will be
shown. Then, the effect of doped emitting layers is introduced using an exemplary red
fluorescent OLED. Finally, a very efficient green phosphorescent OLED with additional
blocking layer is presented. Almost the same stack layouts as shown in Sec. 2.7.3 are
also used for OLEDs in Sec. 4.5 where they are applied as light sources for a surface
plasmon resonance sensor. Although this section explains several basic ideas about
efficient OLED stack design, particular strategies for increasing the light outcoupling
efficiency will be explained separately in Chapter 6.

2.7.1. OLED materials

A selection of common organic materials that were used for fabricating OLEDs in
the course of this thesis are displayed in Fig. 2.9. A well-known fluorescent emit-
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2 Introduction to organic light-emitting diodes (OLEDs)

ting material is tris-(8-hydroxyquinoline) aluminum (Alq3), which was already used
by Tang and VanSlyke2. It emits in the green wavelength range and is widely used
as an exemplary material despite its rather low radiative quantum efficiency of q ≈
20 − 25 %63–66. It also has good electron conducting properties and is often combined
with N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’-diamine (TPD), which
is used as hole transporting material even though it has a low melting point and crys-
tallizes at temperatures around 80 °C, which then destroys the OLED. As an alter-
native to TPD, it is possible to use 2,2’,7,7’-tetrakis-(N,N-diphenylamino)-9,9’-spiro-
bifluoren (S-TAD), which has a significantly higher melting point67. Other fluores-
cent emitters are 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) with red emission and 4,4’-bis(2,2’-diphenylvinyl)-1,1’-spirobiphenyl (S-DPVBi)
with an emission in the blue spectral region.
As mentioned before, the efficiency of an OLED can be considerably enhanced by the

utilization of phosphorescent emitters which are usually used as a guest-host system. A
very famous example is the green phosphorescent emitter tris(2-phenylpyridine) iridium
(Ir(ppy)3), which is often doped into 4,4’-N,N’-dicarbazole-biphenyl (CBP). It may
also be beneficial to use blocking layers, for instance 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), as will be explained in the next section.

2.7.2. Blocking, injection and transport layers

In small molecule based OLEDs which are deposited from the vapor phase, it is possible
to use many layers with different properties. The optimization of the efficiency using
multilayer OLEDs may in principle be achieved by optimizing each layer for an individ-
ual process, provided it is neutral for the other processes. For instance, it is possible to
implement a hole blocking layer (HBL) that prevents holes from passing into the ETL
and thus not contributing to the emission. In addition, electron blocking layers (EBL)
can be used to further improve the charge carrier balance68. Blocking layers can also
inhibit exciton diffusion into adjacent layers23. Hence, it is possible to clearly confine
the recombination zone within the emission layer.
In addition, hole and electron injection layers (HIL and EIL) can be used. These

layers feature a HOMO and LUMO, respectively, that lies between the level of the
electrode and the corresponding transport layer, thus reducing the barrier for injection
of charge carriers. In principle, calcium and PEDOT/PSS may be used as injection
layers which improve the charge carrier injection from the metallic electrode and ITO,
respectively. Besides calcium and other low work function metals, LiF in combination
with aluminum is also often used as EIL34,69.
The mobilities µ of the charge carriers vary strongly in the different materials: there

are some materials in which predominantly electrons are transported (µe � µh), and
some in which mainly holes participate in the transport (µh � µe). The transport
layers may also be doped in order to improve the transport of charge carriers. For
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Anode HIL HTL EBL EML HBL ETL EIL Cathode

Vacuum level

Figure 2.10: Schematic HOMO and LUMO levels of a highly efficient OLED com-
prising injection, transport and blocking layers for both holes and electrons in case
of no applied external voltage. The emission layer typically consists of an efficient
guest-host system in which the HOMO level of the dopant lies above and the LUMO
level below the respective levels of the matrix so that excitons are trapped on the
dopant. Therefore, recombination takes place on guest molecules which results in a
corresponding emission of radiation.

example, tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) and LiF can be used as p-
and n-dopants, respectively70–72. Since doped transport layers have a very low resis-
tance, the thickness can be adjusted in order to obtain optimal interference for the
emission layer within the cavity resonator49,73,74. The cavity optimization will be dis-
cussed separately in Sec. 5.5. In addition, doping of the transport layers causes strong
band bending at the electrodes and thus enables tunneling of charge carriers into the
organic layers, thus allowing for injection from a wide range of cathode materials with
different energy levels49,70,75.

A schematic band diagram of a multilayer OLED stack incorporating all discussed
layers is shown in Fig. 2.10. In addition, several emitting layers in order to create white
OLEDs can be used as discussed in Sec. 2.3. Furthermore, two or more emission layers
in stacked OLEDs may be connected by using charge generation layers, thus usually
creating OLEDs with considerably more than ten layers75.

In the following, four exemplary OLEDs will be introduced in order to discuss some
basic stack design rules. Each OLED stack will be accompanied by an energy level
diagram, as well as by a photograph of the OLED under electrical operation and by a
measured emission spectrum.
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Figure 2.11: (a) Stack layout of the two-layer green OLED. The thickness of the
Alq3 and S-TAD layers were determined by comparison to simulations, cf. Sec. 5.3.
Actually, a thickness of 80 nm Alq3 was intended. The deviation probably results from
a wrong tooling factor or from a much too high or low filling level of the effusion cell.
Concerning the S-TAD thickness, 80 nm were planned which agrees perfectly with
the control by simulations. (b) Schematic energy level diagram of the OLED. It is
important to note that HOMO and LUMO levels are not sharp in these noncrystalline
layers, but are drawn as sharp levels for clarity. The energy levels for a certain material
often differ by several tenth of an electron volt depending on the reference. Therefore,
most energy levels in this section were averaged based on several references24,76–83.
Strictly speaking, all energy levels should be negative to represent the difference with
respect to the vacuum level. However, the minus sign was omitted for reasons of
clarity. (c) Photograph showing light emitted through the bottom side. For the
photograph, the device is mounted on a sample holder that includes six contact pins.
Apparently, a certain fraction of light is guided in the organic layers or the substrate
and is then scattered by the epoxy or emitted through the edges. Camera settings for
comparison to other pictures: f-number f/2.8; exposure time 0.6 s. (d) EL emission
spectrum in bottom direction measured normal to the substrate.

2.7.3. Exemplary OLED stacks

Two-layer green OLED

The stack layout of an exemplary green fluorescent two-layer OLED, i.e. two organic
layers in addition to the electrodes and PEDOT/PSS, is shown in Fig. 2.11(a). The
well-known material Alq3 is used as both electron transport layer and emission layer in
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2.7 Basic stack design

this OLED stack. The cathode comprises a thin layer of the low work function metal
calcium in combination with the more stable aluminum. This reduces the work function
from about 4.2 eV (Al) to 3.0 eV (Ca)76,78,83.

Alq3 and S-TAD are good electron and hole transport materials, respectively, but they
do not have good transport properties for the opposite charge carrier type. Therefore,
charge carriers are partly blocked at the interface between Alq3 and S-TAD, as can also
be seen in Fig. 2.11(b). The recombination and thus the light emission occurs in the
Alq3 layer, to the most part in a thin region near the interface. Hence, nonradiative
recombination in the neighborhood of the cathode is minimized. The emission maximum
of Alq3 is usually located between 510 nm and 530 nm as can be seen by the photograph
and emission spectrum in Figs. 2.11(c) and (d), respectively. It is apparent that organic
emitters typically have broad emission spectra, which makes them ideally suited for
lighting applications that require a high color rendering index.
Although the radiative quantum efficiency of Alq3 is rather low, this OLED stack

with its well-known materials will be used as exemplary device throughout this the-
sis. Current-voltage-luminance characteristics will be shown in Sec. 2.7.4. This OLED
will also be used in order to discuss different light extraction approaches as well as to
study the results of optical simulations which will be presented in Chapter 5. Angular
dependent emission spectra will be discussed in Sec. 5.3.

Three-layer blue OLED

A further improvement can be obtained by using three organic layers as depicted for a
blue fluorescent OLED in Fig. 2.12(a). By choosing the HOMO and LUMO levels of the
organic layers appropriately, a three-layer OLED basically offers the advantage that the
recombination zone can be completely confined if electrons are blocked at the interface
to the HTL and holes are blocked at the ETL interface23, cf. Fig. 2.12(b). It should be
noted, however, that the three organic layers have not been optimized according to their
energy levels but the OLED is rather used to introduce the basic concept. The emitting
layer consists of S-DPVBi which has a blue emission around 465 nm, cf. Figs. 2.12(c)
and (d). In comparison to Alq3, S-DPVBi has a very high radiative quantum efficiency.
For example, q = 82 % was reported for S-DPVBi in a C6H12 solution67. The devices
are very stable because the spiro compounds S-DPVBi and S-TAD have a rather high
glass transition temperature of around 130 °C.

Red OLED with fluorescent guest-host system

An approach for high-efficiency OLEDs is doping, i.e. the implementation of a small
amount of guest molecules in a host matrix. Doping in order to improve the electrical
properties was already discussed in Sec. 2.7.2. Here, the effect of doping an emitter
into a matrix in order to improve the optical properties and recombination efficiency
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Figure 2.12: (a) Illustration of the three-layer blue OLED. (b) Schematic energy
level diagram. Details are explained in Fig. 2.11. (c) Photograph of the OLED under
operation. Camera settings: f-number f/2.8; exposure time 0.25 s. (d) Measured EL
emission spectrum.

is explained. The basic stack layout is illustrated in Fig. 2.13(a) and the energy level
diagram is presented in Fig. 2.13(b).

In this case, the host Alq3 contains 5wt% of the fluorescent red emitter DCM. If
an excited singlet exciton is formed on an Alq3 molecule, it diffuses through the layer.
When the exciton reaches a guest molecule within its lifetime, it is trapped there because
the electronic energy states of DCM are lower and light from the guest molecules is
emitted1. Thus, the fluorescence contains mainly emission from DCM as can be seen in
the photograph in Fig. 2.13(c) and in the emission spectrum in Fig. 2.13(d).

It should be noted that the concentration of DCM is rather high in this stack so
that DCM molecules partially quench each other’s emission. The low efficiency is also
apparent from the large exposure time that was necessary to obtain a photograph of
approximately equal brightness compared to the other OLED pictures. Probably a
more efficient OLED could be fabricated by choosing a lower DCM concentration of
only around 0.5% as explained in Ref. [84]. Then, a radiative quantum efficiency of
the guest-host system of almost unity is possible. That is the reason why this material
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Figure 2.13: (a) Layout of the fluorescent red doped OLED. The doping ratio in the
DCM:Alq3 layer is 5wt%. After depositing the doped layer, the DCM deposition rate
was linearly decreased during the deposition of the first half of the 60 nm thick Alq3

layer. (b) Schematic energy level diagram. The energy levels of the DCM dopant are
depicted as dashed red lines. Further details are explained in Fig. 2.11. (c) Photo-
graph of the OLED under operation. One of the four pixels was damaged prior to
encapsulation. Camera settings: f-number f/2.8; exposure time 1.6 s. (d) Measured
EL emission spectrum.

combination is frequently used as a laser system85. Despite the high DCM concentration,
there is still a small Alq3 emission observable in Fig. 2.13(d). This can be explained
by exciton diffusion from the ETL/HTL interface into the undoped Alq3 region where
green light is emitted from Alq3 molecules. Such a diffusion can be inhibited by utilizing
a blocking layer as will be demonstrated in the following section.

Green OLED with phosphorescent guest-host system

In contrast to all fluorescent OLEDs discussed above, this section introduces a phospho-
rescent OLED. The basic idea is to use guest molecules that contain a heavy metal atom,
because spin-orbit coupling strongly increases for higher atomic numbers. Thus, S1 and
T1 energetic states are mixed and radiative decay from both singlet and triplet states
is allowed. With a suitable guest-host combination, also the triplet excitations of the
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Figure 2.14: (a) Stack layout of the phosphorescent green doped OLED. The con-
centration of Ir(ppy)3 in CBP is 6wt%. (b) Schematic energy level diagram. The
energy levels of the Ir(ppy)3 dopant are depicted as dashed red lines. BCP acts as
a hole blocking layer. Further details are explained in Fig. 2.11. (c) Photograph of
the OLED under operation. Camera settings: f-number f/2.8; exposure time 0.067 s.
(d) Measured EL emission spectrum.

matrix material can be harvested by an energy transfer to the phosphorescent dopant
and all singlet and triplet levels can be used, thus allowing for internal quantum effi-
ciencies up to 100%. This concept was first introduced for OLEDs by Baldo et al. with
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum (PtOEP) doped into an Alq3

layer46. This material still had a too long excited state lifetime and therefore a rather
low efficiency81. A breakthrough for phosphorescent emitters was the introduction of
Ir(ppy)3, containing the heavy metal atom iridium, with a lifetime of its T1 state of
less than 1µs. A radiative quantum efficiency of more than 60% was published73,81,86,
sometimes even values close to 100% were reported87.
In the OLED stack shown in Fig. 2.14(a), Ir(ppy)3 is doped into CBP at a concentra-

tion of 6wt%. In the case of the phosphorescent Ir(ppy)3, this concentration does not
cause strong quenching but rather corresponds to the optimal doping ratio86,87. The ma-
trix CBP is an ambipolar material, i.e. it transports both electrons and holes, although
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Figure 2.15: (a) Current-voltage-luminance characteristics of the fluorescent Alq3

OLED. (b) Characteristics of the phosphorescent Ir(ppy)3 OLED. The measurement
of current and luminance was performed simultaneously inside the glove box in a
cube that blocks ambient light. The photodiode for the luminance measurement
was calibrated by comparison to a radiance measuring head. All measurements were
performed from negative to positive voltages as well as in the opposite direction.

the hole mobility is slightly larger88,89. Regarding the energy levels in Fig. 2.14(b), it
can be seen that the LUMO of Ir(ppy)3 lies below and the HOMO is located above the
corresponding levels of the CBP matrix, thus enabling efficient charge carrier trapping
on the dopant.
The OLED emits light in the green spectral region as illustrated in Figs. 2.14(c)

and (d). Current-voltage-luminance characteristics will be presented in Sec. 2.7.4. The
cathode of this OLED is made of a combination of calcium (work function 3.0 eV76,83)
and silver (work function approximately 4.5 eV90,91) and thus offers good electron in-
jection as well as an excellent reflectivity. Here, a thin hole blocking layer made of BCP
is used between the EML and ETL. This prevents holes and excitons from entering the
ETL, which would result in emission from Alq3 and thus a reduced efficiency65,70,86,92.

2.7.4. Current-voltage-luminance characteristics

Some basic electrical and optical properties of OLEDs can be derived from current-
voltage-luminance characteristics as shown exemplarily in Fig. 2.15 for the green fluores-
cent Alq3 and the phosphorescent Ir(ppy)3 OLEDs. In these graphs, the current density
and the luminance are shown in a semilogarithmic plot as a function of the applied
voltage which typically has a value of a few volts. The OLED based on Alq3 shows
a pronounced diode behavior. While there is only a small current flow under reverse
bias, the current density strongly increases under forward bias starting at the built-in
voltage of slightly above 2V. At this point, both electrons and holes are effectively
injected into the device. Therefore, the increase of current is accompanied by the onset
of light emission which results from the recombination of both charge carrier types.
The characteristics of the OLED based on Ir(ppy)3 clearly shows higher leakage cur-
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rents and thus a less pronounced diode behavior. The higher leakage currents are prob-
ably caused by the employment of other materials or by small differences in fabrication
conditions. However, the phosphorescent Ir(ppy)3 OLED still has a significantly higher
light emission at a certain current density compared to the Alq3 OLED, although both
OLEDs have a rather similar emission spectrum.

A detailed comparison of both OLEDs at a current density of 4 mA/cm2 yields
a luminance for the fluorescent Alq3 OLED of 112 cd/m2 while the phosphorescent
Ir(ppy)3 OLED has a luminance of 1100 cd/m2. From these values, a current efficiency
of 2.8 cd/A and 27.7 cd/A is obtained for the Alq3 and Ir(ppy)3 OLEDs, respectively.
There are two reasons for the enormous difference in efficiency. First, the phosphorescent
Ir(ppy)3:CBP system can use both singlets and triplets for radiative transitions. There-
fore, the number of excited energy states that contribute to the emission is four times
larger compared to the fluorescent Alq3. Secondly, the radiative quantum efficiency of
Ir(ppy)3:CBP is significantly higher than that of Alq3. Altogether, the phosphorescent
Ir(ppy)3 OLED is approximately ten times more efficient.

The determination of luminous efficacy also involves the applied voltage. For a current
density of 4 mA/cm2 the required voltage is 5.3V and 6.8V for the Alq3 and Ir(ppy)3

OLEDs, respectively. If a Lambertian emission is assumed, the luminous efficacy of
both OLEDs can be estimated to 1.6 lm/W and 13 lm/W, respectively. Here, the higher
leakage current and consequently larger required voltage in the OLED based on Ir(ppy)3

clearly reduce the luminous efficacy, even though it is still far better than the fluorescent
Alq3 OLED. Altogether, the determined current efficiencies and luminous efficacies agree
very well with published values for these emitter systems86,93.

The current efficiency and luminous efficacy as a function of the applied voltage are
presented in Figs. 2.16(a) and (b), respectively. It is apparent that the OLED based on
Ir(ppy)3 is much more efficient over the whole voltage range in comparison to the Alq3

OLED. Both the current efficiency as well as the luminous efficacy strongly depend on
the actual voltage. This is especially obvious in the case of the Ir(ppy)3 OLED. For small
voltages, it is likely that the charge balance is not optimal71, while for higher voltages,
i.e. higher current densities, quenching processes reduce the OLED efficiency74,89.

Steps to be taken in order to further improve OLEDs include the exploitation of the
substrate emission by using outcoupling enhancement structures. In addition, injection
layers and doped transport layers can significantly reduce the driving voltage and thus
increase the luminous flux per electric power. Furthermore, appropriate blocking layers
can optimize the charge balance within the device. Of course, better phosphorescent
guest-host systems with improved radiative quantum efficiency also account for a higher
overall efficiency.

However, the most important aspect for high-efficiency OLEDs is an enhanced light
outcoupling. As mentioned above, typically half of the light is trapped in waveguide
modes and surface plasmons. Of course, access to these modes could considerably
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Figure 2.16: (a) Current efficiency and (b) luminous efficacy as a function of the
applied voltage for the OLEDs based on Alq3 and Ir(ppy)3.

boost the efficiency. By improving the light extraction, the same emission intensity
could be obtained at a lower driving current, which would result in a reduced energy
consumption and in an increase in device lifetime4,15. Moreover, a smaller current
density leads to a higher internal quantum efficiency due to a reduced roll-off, which is
normally caused by nonradiative decay channels like triplet-triplet annihilation at high
current densities74,94.
It is not the aim of this thesis to fabricate an OLED with record efficiency by combin-

ing efficient emitters and optimized devices with doped transport and blocking layers
as demonstrated by Mladenovski et al. and Reineke and co-workers9,73. Instead, this
thesis will fundamentally discuss a variety of existing light extraction strategies and, in
particular, several novel techniques with high potential will be introduced and compared
in terms of performance and applicability.
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3. Interaction of electromagnetic radiation
with matter

This chapter explains the theory of optical phenomena which are required for under-
standing the properties of OLEDs. Starting with Maxwell’s equation and plane waves,
the chapter continues with the explanation of the complex refractive index as well as
absorption, reflection and transmission. Subsequently, the transfer-matrix formalism
will be introduced which allows for calculating the reflectance and transmittance of
multilayer stacks. Finally, the existence of waveguide modes in layered media will be
discussed.

3.1. Maxwell’s equations and electromagnetic waves

In order to derive the wave equations for electromagnetic waves it is necessary to start
with Maxwell’s equations which are the most fundamental equations in electrodynam-
ics95,96. Here, Maxwell’s equations are given for regions where both the charge density
and current density vanish, which is often the case in the propagation of electromagnetic
radiation:

~∇× ~E = −∂
~B

∂t
, (3.1)

~∇× ~H =
∂ ~D

∂t
, (3.2)

~∇ · ~D = 0, (3.3)

~∇ · ~B = 0. (3.4)

In these equations, ~E = ~E(~r, t) describes the electric field vector and ~H = ~H(~r, t) is the
magnetic field vector. The quantities ~D = ~D(~r, t) and ~B = ~B(~r, t) are used to include
the effects of the field on matter and are called electric displacement and magnetic
induction, respectively.

The quantities ~E, ~H, ~D and ~B are related by the material equations95,96:

~D = ε · ~E = ε0 · ~E + ~P , (3.5)

~B = µ · ~H = µ0 ·
(
~H + ~M

)
. (3.6)
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In these equations, ε = εr · ε0 describes the permittivity with εr being the relative per-
mittivity or dielectric function and ε0 ≈ 8.854 × 10−12 F/m the vacuum permittivity.
Accordingly, µ = µr ·µ0 is the permeability with µr indicating the relative permeability
and µ0 = 4π × 10−7 H/m being the vacuum permeability. ~P and ~M are the electric
polarization and magnetization, respectively. An electromagnetic field present in mat-
ter can perturb the motion of electrons and produce a dipole polarization ~P per unit
volume. Similarly, a magnetic field can induce a magnetization ~M in materials having
a permeability that differs from µ0.

By combining Maxwell’s equations and assuming an isotropic medium so that ε and
µ are scalars, the electromagnetic wave equations can be obtained:

~∇2 ~E − µ · ε · ∂
2 ~E

∂t2
= 0, (3.7)

~∇2 ~B − µ · ε · ∂
2 ~B

∂t2
= 0. (3.8)

A detailed derivation is found for example in Ref. [95]. These equations are satisfied by
the well-known monochromatic sinusoidal plane waves which may be written as96

~E = ~E0 · ei(~k·~r−ω·t), (3.9)

~B = ~B0 · ei(~k·~r−ω·t). (3.10)

Here, ~E0 and ~B0 denote the complex amplitudes of the corresponding fields, ~k describes
the wave vector and thus the direction of propagation and ω is the angular frequency.
Strictly speaking, no electromagnetic field in physics is complex. However, complex
representations lead to great mathematical simplification and therefore the complex
quantity described in Eq. (3.9) will be termed a “field”, keeping in mind that the actual
field is the real part of the expression. It should be noted that a definition of plane
waves as in Refs. [96–98] is used. Other textbooks use a solution with the exponent
i(ω · t− ~k · ~r) as in Refs. [95, 99].

The triad ~E0, ~B0 and ~k forms a set of orthogonal vectors, hence ~E and ~B are per-
pendicular to the direction of propagation. For this reason, electromagnetic waves are
said to be transverse waves. Since the complex amplitudes of ~E and ~B are related95,96,
only the electric field vector ~E will be considered in the following.

In vacuum with εr = 1 and µr = 1, the angular frequency ω and the absolute value
of the vacuum wave vector k0 = |~k0| are related by95

ω = c0 · k0, (3.11)

with the speed of light in vacuum c0 = 1/
√
µ0 · ε0 ≈ 2.998×108 m/s. Equation (3.11) is

also called dispersion relation of light in vacuum. The surfaces of constant phase travel
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in the direction of ~k with phase velocity c0. The separation between two neighboring
field peaks is termed wavelength of light in vacuum and it is given by

λ0 =
2π

k0
=

2π · c0

ω
. (3.12)

Besides the properties of electromagnetic waves in vacuum, it is essential to study the
influence of a transparent medium. Media with absorption will be discussed later in this
chapter. Most transparent media are nonmagnetic and have a relative permeability of
µr = 1 so that µ = µ0. In the following, all media will be assumed to be nonmagnetic.
However, the relative permittivity usually deviates considerably from unity. In such a
medium, the absolute value of the wave vector k, wavelength λ′ and phase velocity v
are given by95,96,98,100

k = n · k0 =
2π · n
λ0

, (3.13)

λ′ =
λ0

n
, (3.14)

v =
c0

n
, (3.15)

with
n =
√
εr (3.16)

being the refractive index of the medium. It is apparent that the wavelength and phase
velocity of the plane wave in a medium with n > 1 are smaller than the corresponding
quantity in vacuum whereas the wave vector is larger than the vacuum wave vector. It
is necessary to distinguish between λ′ in a medium and λ0 in vacuum.

The best way to describe the energy of a photon is its angular frequency ω or its
frequency ν = ω/(2π) because the frequency is independent of the medium in which
the photon propagates as can be seen by the dispersion relation of light in a medium:

ω = v · k =
c0

n
· k = c0 · k0. (3.17)

However, it is more convenient to describe e.g. green light by its vacuum wavelength of
λ0 = 550 nm than by its frequency of ν ≈ 5.45×1014 Hz. Therefore, the wavelength will
be used in the following to describe the energy and color of a photon even if the photon
travels in a medium. To keep it simple, the vacuum wavelength will be abbreviated
with λ from now on.

The refractive index n is usually a function of frequency, i.e. n(ν) or n(ω). In most
transparent media the refractive index increases with ω. Therefore, the refractive index
for blue light is typically higher than for red light. Generally, the dependence of the
refractive index on frequency is called dispersion. Frequently, the dispersion is expressed
in terms of wavelength, i.e. n(λ). Examples for the dispersion in different materials can
be seen in the optical constants in the appendix, cf. Sec. A.2.
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3 Interaction of electromagnetic radiation with matter

3.2. Complex refractive index

In order to account for optical absorption in nontransparent media, the refractive index
n is replaced by a complex refractive index ñ:

ñ = n+ iκ, (3.18)

with the refractive index n and the extinction coefficient κ being the real and imaginary
part of the complex refractive index ñ, respectively. The extinction coefficient represents
an attenuation of electromagnetic waves.

An estimation of the complex refractive index can be obtained within the classical
electron model. Since electrons have a much smaller mass compared to the atomic
nucleus, they will be displaced from their equilibrium positions under the influence of
an electric field ~E = ~E0 · e−iω·t, thus inducing a dipole moment which is proportional
to the atomic polarizability of a given material95,98,99. Solving the equation of motion
for the electrons yields the following expression for the index of refraction in a medium
with N atoms per unit volume95,98:

ñ2 = 1 +
N · e2

ε0 ·me ·
(
ω2

0 − ω2 − iγ · ω
) . (3.19)

In this equation, me and −e are the mass and charge of the electron, respectively, γ is
the damping coefficient which gives rise to the phenomenon of optical absorption and
ω0 is the resonant frequency of the electron motion.

If the second term in Eq. (3.19) is small compared to 1, the complex index of refraction
is approximately

ñ = 1 +
N · e2

2ε0 ·me ·
(
ω2

0 − ω2 − iγ · ω
) . (3.20)

By working out the real and imaginary parts, the complex refractive index is found to
be95,98

ñ = n+ iκ = 1 +
N · e2 ·

(
ω2

0 − ω2
)

2ε0 ·me ·
[(
ω2

0 − ω2
)2

+ γ2 · ω2
] + i

N · e2 · γ · ω

2ε0 ·me ·
[(
ω2

0 − ω2
)2

+ γ2 · ω2
] .

(3.21)
Depending on the definition of the driving electric field, the complex refractive index is
ñ = n− iκ in some text books95,99.

Usually, n increases with ω for low frequencies (ω < ω0). This behavior is called
normal dispersion. However, in nontransparent media with κ > 0, light can be absorbed
and couple to electronic states at the resonant frequencies ω0. In this case, the refractive
index may also decrease with frequency if the resonant frequency is approached. Such
a negative slope is referred to as anomalous dispersion.

To see the effect of κ, we consider the propagation of a monochromatic plane wave in
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3.2 Complex refractive index

a medium with a complex refractive index. In this case, the magnitude of the complex
wave vector is given by

k =
2π

λ
· (n+ iκ). (3.22)

Inserting this equation into Eq. (3.9) and considering propagation in the z direction
yields

E(z, t) = E0 · exp

[
i

(
2π · n
λ
· z − ω · t

)]
· exp

[(
−2π · κ

λ
· z
)]

. (3.23)

Obviously, the imaginary part of the refractive index leads to an attenuation of electro-
magnetic radiation along its direction of propagation. The intensity is proportional to
| ~E|2 and described by

I(z) = I0 · e−α·z, (3.24)

where I0 is the intensity at z = 0 and α is the absorption or attenuation coefficient
which is related to κ by

α =
4π · κ
λ

. (3.25)

Typical OLED devices contain several organic layers which can be well described as
dielectric media having an absorption in certain spectral regions. In addition, an OLED
usually has a metallic cathode. There are free electrons in a metal that do not oscillate
but are free to move under the influence of an applied electric field95. Thus, there is no
restoring force, hence ω0 = 0. Consequently, in the case of metals Eq. (3.19) simplifies
to

ñ2 = 1− N · e2

ε0 ·me · (ω2 + iγ · ω)
, (3.26)

with N being the electron density. The damping coefficient γ results for instance from
collisions of electrons. If γ � ω is assumed, the complex index of refraction of a metal
can be written as

ñ2 = ε(ω) ' 1−
ω2

p

ω2
, (3.27)

with ε(ω) being the frequency dependent permittivity and ωp describing the plasma
angular frequency, which is given by

ω2
p =

N · e2

ε0 ·me
. (3.28)

For high-frequency radiation (ω > ωp), the refractive index is real. The free electrons
of the metal are no more able to respond to the imposed oscillating fields and hence
the metal behaves like a transparent dielectric medium in which the waves propagate
freely. For frequencies lower than the plasma frequency, the refractive index is purely
imaginary. Therefore, the fields within the metal fall off exponentially with distance
from the surface. As a consequence, electromagnetic radiation with ω < ωp incident
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3 Interaction of electromagnetic radiation with matter

on a metal will be mostly reflected from the surface. In general, the index of refraction
of a metal is complex, when γ is finite, and thus some fraction of the incident light is
absorbed. However, some metals like silver have a reflectivity in the visible spectral
region which is well above 90%. The optical constants, i.e. the refractive indices and
extinction coefficients, for several metals are shown in the appendix, cf. Sec. A.2.

3.3. Reflection and refraction of electromagnetic waves

A plane wave incident from a medium (refractive index n1) on the interface to a second
medium (refractive index n2) will in general be split into two waves: a transmitted wave
that is refracted at the interface and that enters the second medium, and a reflected
wave propagating back into the first medium, cf. Fig. 3.1. This is a consequence of the
boundary conditions of the field vectors between two media which result from Maxwell’s
equations. A detailed derivation can be found in Refs. [95,96,101]. For simplicity, both
media are assumed to be nonmagnetic, isotropic and transparent, so that ε1 and ε2 are
real and scalars and µ1 = µ2 = µ0. In this case, the boundary conditions in regions
with vanishing charge and current density are given by:

~E2t = ~E1t, (3.29)

ε2 · ~E2n = ε1 · ~E1n, (3.30)

~H2t = ~H1t, (3.31)

~B2n = ~B1n and for µ1 = µ2 = µ0 also ~H2n = ~H1n. (3.32)

In these equations, subscript t denotes the component tangential to the interface and
subscript n describes the normal component.

The incident electromagnetic wave can be described by an electric field vector of the
form ~Ei · exp[i(~ki ·~r−ωi · t)], where ~ki is the incident wave vector, cf. Fig. 3.1. Similarly,
the reflected plane wave is described by ~Er · exp[i(~kr · ~r − ωr · t)] with wave vector ~kr,
and the transmitted wave is represented by ~Et · exp[i(~kt ·~r−ωt · t)] with wave vector ~kt.

Any boundary condition that relates these three fields at the interface z = 0 requires
that the temporal variation must be similar for all times96, hence it directly follows that
the angular frequency is constant for all fields, i.e. ωi = ωr = ωt ≡ ω. In addition, the
spatial variation implies that95(

~ki · ~r
)
z=0

=
(
~kr · ~r

)
z=0

=
(
~kt · ~r

)
z=0

. (3.33)

It follows from this equation that all three wave propagation vectors ~ki, ~kr and ~kt must
lie in the same plane which is called the plane of incidence. In Fig. 3.1, it is the
x-z-plane. Furthermore, the tangential component remains constant so that ki,x, kr,x
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Figure 3.1: Reflection and refraction at an interface between two dielectric media.
The electromagnetic wave is incident from medium 1 with refractive index n1. The
transmitted wave is refracted at the interface (z = 0) and propagates in medium 2
(refractive index n2). The wave vectors for incident, reflected and transmitted waves
are denoted by ~ki, ~kr and ~kt, respectively. The same indication applies to all angles θ.
The index x describes the projected component of the wave vectors onto the x-axis,
i.e. the component tangential to the interface, while the index z refers to the normal
component along the z-axis.

and kt,x must be equal. The absolute value of the wave vectors is given by

|~ki| = ki = |~kr| = kr =
ω

c0
· n1 and |~kt| = kt =

ω

c0
· n2. (3.34)

If θi, θr and θt describe the angles with respect to the normal of the interface for the
incident, reflected and transmitted waves, respectively, the following relation must be
satisfied:

n1 · sin θi = n1 · sin θr = n2 · sin θt. (3.35)

Thus, it follows that the angle of reflection must be equal to the angle of incidence, i.e.
θr = θi. In addition, a relation between θi and θt is obtained:

sin θi

sin θt
=
n2

n1
. (3.36)

This equation is known as Snell’s law.

In order to derive an expression for the intensity of the reflected and transmitted
waves, it is convenient to decompose each field vector into two linearly polarized com-
ponents parallel and perpendicular to the plane of incidence. The parallel and per-
pendicular components are called p-polarized or TM (transverse magnetic) wave and
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3 Interaction of electromagnetic radiation with matter

s-polarized or TE (transverse electric) wave, respectively. As long as both media are
homogeneous and isotropic, the s- and p-polarized waves are independent of each other
and maintain their s- and p-character in reflection and refraction95.

The following relations can be derived between the s- and p-polarized components of
the electric field amplitude Ei of the incident wave and the amplitudes Er and Et of
the reflected and transmitted waves, respectively95,96:

rs =
Er,s

Ei,s
=
n1 · cos θi − n2 · cos θt

n1 · cos θi + n2 · cos θt
, (3.37)

rp =
Er,p

Ei,p
=
n2 · cos θi − n1 · cos θt

n2 · cos θi + n1 · cos θt
, (3.38)

ts =
Et,s

Ei,s
=

2n1 · cos θi

n1 · cos θi + n2 · cos θt
, (3.39)

tp =
Et,p

Ei,p
=

2n1 · cos θi

n2 · cos θi + n1 · cos θt
. (3.40)

These relations are known as Fresnel equations. rs, rp are called Fresnel reflection coef-
ficients and ts, tp are the Fresnel transmission coefficients. These formulas are general
and apply to any two media, thus including reflection from the surface of absorbing
media. The reflection coefficient rp for p-polarized light becomes zero at Brewster’s
angle102 θB = arctan(n2/n1). At this angle, the propagation vectors of the transmitted
and reflected wave are mutually orthogonal95.

For normal incidence, i.e. θi = 0, there is no difference between s- and p-polarized
waves and the Fresnel formulas become

rs = −rp =
n1 − n2

n1 + n2
, (3.41)

ts = tp =
2n1

n1 + n2
. (3.42)

It is noteworthy that some text books obtain a different sign in the numerator in the
right part of Eq. (3.38), thus yielding rs = rp for normal incidence. This depends on
the definition of the electric field directions of the incident and reflected p-polarized
waves95,96,102. Here, a similar definition as in Refs. [96,102] is used.

Since the power flow is proportional to the square of the electric field amplitude, the
reflectance and transmittance are related to the Fresnel coefficients by

Rs = |rs|2, (3.43)

Rp = |rp|2, (3.44)

Ts =
n2 · cos θt

n1 · cos θi
· |ts|2, (3.45)
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3.3 Reflection and refraction of electromagnetic waves

Tp =
n2 · cos θt

n1 · cos θi
· |tp|2. (3.46)

In contrast to the general Eqs. (3.37)–(3.40), the formulas for the transmittance are
only valid for pure dielectric media with real n1, n2 and θi, θt.

An example for the reflection coefficients between two interfaces with refractive in-
dices n1 = 1.0 and n2 = 1.5 is illustrated in Fig. 3.2(a). The reverse case with
n1 = 1.5 and n2 = 1.0 is plotted in Fig. 3.2(b). The corresponding reflectances are
shown in Figs. 3.3(a) and (b), respectively. The transmittances can be calculated from
Rs,p + Ts,p = 1 which is required in order to fulfill the conservation of energy in media
without absorption. The reflectance at normal incidence is 4%. For an s-polarized
wave, it rises with incidence angle until it reaches 100% at an angle of incidence of
90°. For a p-polarized wave, the reflectance first decreases until it reaches Rp = 0 at
Brewster’s angle.

In case of incidence through the medium with higher refractive index, i.e. n1 > n2, a
critical angle of incidence θc exists where θt = 90° and sin θt = 1. It is defined by

sin θc =
n2

n1
. (3.47)

For larger angles of incidence (θi > θc), Snell’s law yields sin θt = (sin θi/ sin θc) > 1.
This implies a purely imaginary cosine in order to fulfill sin2 θt + cos2 θt = 195,96:

cos θt = i ·

√(
sin θi

sin θc

)2

− 1. (3.48)

Thus, the Fresnel reflection coefficients become complex. However, |rs| = |rp| = 1 so
that the reflectances Rs and Rp are unity, cf. Fig. 3.3(b). This phenomenon is called
total internal reflection, i.e. all the light is totally reflected from the surface. The
amplitude of the reflected wave is only different from the incident amplitude by a phase
shift ∆Φs,p.

In general, the phase shift ∆Φs,p = 0 for real rs,p > 0 and ∆Φs,p = π for real rs,p < 0.
In case of total internal reflection with complex rs,p, the phase shift can be calculated by
using Eq. (3.48) to rewrite Eqs. (3.37) and (3.38) in the form rs,p = |rs,p|·exp(−i∆Φs,p),
thus yielding96,102

tan (∆Φs/2) =
1

cos θi

√
sin2 θi −

(
n2

n1

)2

(3.49)

for an s-polarized wave and

tan (∆Φp/2) =
n2

1

n2
2 cos θi

√
sin2 θi −

(
n2

n1

)2

(3.50)
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Figure 3.2: (a) Reflection coefficients of s- and p-polarized waves at the interface
between two dielectric media with n1 = 1.0 and n2 = 1.5, i.e. air and glass, respec-
tively. θB ≈ 56.3° represents Brewster’s angle. (b) Opposite case for incidence from
a medium with n1 = 1.5 to a medium with n2 = 1.0, where θc ≈ 41.8° describes the
critical angle and θB ≈ 33.7° corresponds to Brewster’s angle.
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Figure 3.3: (a) Reflectance of s- and p-polarized waves at the interface between two
dielectric media with n1 = 1.0 and n2 = 1.5. (b) Opposite case for incidence from a
medium with n1 = 1.5 to a medium with n2 = 1.0. θc ≈ 41.8° describes the critical
angle. In both graphs, the p-polarized reflectance becomes zero at Brewster’s angle.

for a p-polarized wave. The dependence of ∆Φs,p on the angle of incidence is plotted in
Figs. 3.4(a) and (b) for an air/glass and a glass/air interface, respectively.

Although the transmittances Ts and Tp become zero under total internal reflection,
the Fresnel transmission coefficients ts and tp are not vanishing, i.e. ts,p 6= 0. This
means that even though the light is totally internally reflected, the electromagnetic
field still penetrates into the second medium95,96. This is obvious from the calculation
of the transmitted electric field which is proportional to the real part of exp(i~kt · ~r) =

exp[i kt · (x · sin θt + z · cos θt)]. By using Snell’s Law and Eq. (3.48), this expression
takes the form

exp

(
i kt · x ·

sin θi

sin θc

)
· exp (−q · z) , (3.51)

44



3.4 Transfer-matrix formulation

(a) (b)

Angle of incidence θi

ΔΦs

ΔΦp

Angle of incidence θi

θc
n  =1.01

n  = 1.52

 n  =1.51

n  = 1.02

 

P
h
a
s
e
 s

h
if
t

0° 15° 30° 45° 60° 75° 90°

0°
20°
40°
60°
80°

100°
120°
140°
160°
180°

P
h
a
s
e
 s

h
if
t

0° 15° 30° 45° 60° 75° 90°

0°
20°
40°
60°
80°

100°
120°
140°
160°
180°

ΔΦs

ΔΦp

Figure 3.4: (a) Phase shift of s- and p-polarized waves at the interface between two
dielectric media with n1 = 1.0 and n2 = 1.5. (b) Opposite case for incidence from a
medium with n1 = 1.5 to a medium with n2 = 1.0. θc ≈ 41.8° describes the critical
angle.

with

q = kt ·

√(
sin θi

sin θc

)2

− 1. (3.52)

Since θi > θc, q is a positive number and hence the electric field vector decreases
exponentially as z increases, i.e. as the distance from the surface increases. Besides the
penetration into medium 2, the wave also propagates parallel to the interface as can be
seen from Eq. (3.51). Such a wave is called an evanescent wave. The penetration depth
inside medium 2 is q−1, which is only several wavelengths except for incident angles
near the critical angle95. If medium 2 has a finite thickness, some fraction of the light
can penetrate through the layer as will be discussed in Secs. 3.5, 4.2 and 4.3.

3.4. Transfer-matrix formulation

The reflectance and transmittance of a single interface can be calculated by the Fresnel
equations. An OLED usually contains several layers of organic or metallic materials.
Therefore, multiple reflections as well as constructive or destructive interference effects
must be taken into account. This is possible by using a transfer-matrix formulation
as depicted in detail in Ref. [95]. This systematic approach is based on the fact that
continuity conditions exist for the electric field across interfaces from one medium to
the next. The main results will be discussed in the following.

Figure 3.5 displays the multilayer stack under consideration. The stack is bounded
by two semi-infinite layers. Let Ai and Bi be the amplitudes of the electric field vectors
traveling in the i-th layer in the positive and negative z-direction, respectively. A
relation between the amplitudes at the interface between layer i and layer i − 1 are
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Figure 3.5: Propagation of electromagnetic radiation through a multilayer stack
which is bounded by two semi-infinite layers on the left (subscript 0) and right side
(subscript N) with refractive indices ñ0 and ñN and propagation angles with respect
to the z-direction of θ0 and θN, respectively. The refractive indices, layer thicknesses
and propagation angles for all other layers are denoted by ñi, di and θi, respectively,
with i = 1, 2, . . . , N − 1. The intensities of the incident, reflected and transmitted
light are described by I0, IR and IT, respectively.

given by the transmission matrix Di−1,i:(
Ai−1

Bi−1

)
= Di−1,i

(
Ai

Bi

)
. (3.53)

The transmission matrix can be calculated using the Fresnel reflection and transmission
coefficients at this interface:

Di−1,i =
1

ti−1,i
·

(
1 ri−1,i

ri−1,i 1

)
. (3.54)

It should be kept in mind that Fresnel coefficients are different for s- and p-polarized
waves and thus Eq. (3.54) is polarization dependent.

Since the transfer-matrix formulation also considers absorbing layers, the propagation
through each layer must be taken into account. This is accomplished by the propagation
matrix Pi of an electromagnetic wave which travels through the i-th layer:

Pi =

(
eiφi 0

0 e−iφi

)
. (3.55)
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In this equation, φi is defined by

φi =
2π

λ
· ñi · di · cos θi, (3.56)

where ñi = ni + iκi is the complex refractive index and di and θi describe the thickness
and propagation angle in the i-th layer, respectively. The imaginary part of the refrac-
tive index directly results in an attenuation of the wave depending on the thickness of
the layer.

Multiple reflections are accounted for by multiplying the transmission matrices for
each interface and the propagation matrices for each layer. This yields the transfer-
matrix for the whole multilayer stack:

M =

(
M11 M12

M21 M22

)
=

[
N−1∏
i=1

Di−1,i Pi

]
DN−1,N. (3.57)

The matrix M relates the electric field amplitudes A0 and B0 of the incident and
reflected waves in medium 0 with the amplitudes AN and BN of the transmitted and
incident waves in medium N:(

A0

B0

)
=

(
M11 M12

M21 M22

)(
AN

BN

)
. (3.58)

Assuming incidence only from medium 0 and thus setting BN = 0, the reflection and
transmission coefficients of the whole multilayer stack can be obtained as

r =
B0

A0
=
M21

M11
(3.59)

and
t =

AN

A0
=

1

M11
. (3.60)

The reflectance R(λ, θ0) of the multilayer system is determined from the square of the
reflection coefficient, assuming that medium 0 is lossless, i.e. n0 is real:

R(λ, θ0) =

∣∣∣∣M21

M11

∣∣∣∣2 . (3.61)

Under the assumption of real refractive indices n0 and nN as well as angles θ0 and θN,
the transmittance T (λ, θ0) of the system is

T (λ, θ0) =
nN · cos θN

n0 · cos θ0
· |t|2 =

nN · cos θN

n0 · cos θ0
·
∣∣∣∣ 1

M11

∣∣∣∣2 . (3.62)

The requirement of energy conservation allows for calculating the absorption of the
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multilayer stack:
A(λ, θ0) = 1−R(λ, θ0)− T (λ, θ0). (3.63)

3.5. Waveguide and leaky modes

A very important effect based on total internal reflection is the occurrence of guided
waves if a layered material with high refractive index is surrounded by lower index
materials. Since waveguide modes account for significant losses in OLEDs, the ba-
sic properties of these modes will be explained in the following. More details and a
derivation of the formulas can be found in Refs. [95, 101].
A typical example of a planar optical waveguide structure is displayed in Fig. 3.6.

A thin dielectric film, i.e. the guiding layer (“core”), is sandwiched between a substrate
and a cover or cladding layer. The film has a finite thickness d in the z-direction and is
expanded infinitely in both other dimensions. Substrate and cover are assumed semi-
infinite in the z-direction. The refractive indices for film, substrate and cover are denoted
by nF, nS and nC, respectively. For the sake of simplicity, all layers are assumed to be
transparent (i.e. nonabsorbing) and nonmagnetic. An asymmetric waveguide structure
is investigated, i.e. substrate and cover have different refractive indices.
Total internal reflection at both interfaces requires that the index of refraction of the

core must be larger than those of the surrounding media95, i.e. nF > nS, nC. Without
loss of generality, the following relation can be assumed101:

nF > nS ≥ nC. (3.64)

The critical angle θS for total internal reflection between film and substrate and the
corresponding critical angle θC at the cover layer are given by

θS = arcsin
nS

nF
and θC = arcsin

nC

nF
. (3.65)

If the propagation angle θ is larger than θS and θC, the wave is totally internally
reflected and thus zigzag guided along the x-direction inside the film layer. The electric
field decays exponentially in the adjacent media as described in Sec. 3.3. Therefore, the
wave propagates without energy dissipation, if the media have no absorption.
It is convenient to describe the propagation of modes by the tangential component

of the wave vector, kx, also called in-plane wave vector or propagation constant which
is often denoted by β, or by the effective refractive index neff of the mode. These
characteristic values are defined by101

kx = nF · k0 · sin θ = neff · k0, (3.66)

where k0 is the wave vector in vacuum. From the necessary condition θ ≥ θS ≥ θC for
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Figure 3.6: Schematic illustration of a planar waveguide structure. The guiding
film layer with thickness d has a refractive index nF and is bounded by a substrate
and a cover layer with refractive indices nS and nC, respectively. The guided wave
propagates at an angle θ, and total internal reflection occurs at the interfaces to the
cover and substrate. This changes the phase by ∆ΦC and ∆ΦS, respectively.

guided waves and because sin θ ≤ 1, it is possible to derive constraints for the in-plane
wave vector and the effective refractive index:

k0 · nS ≤ kx ≤ k0 · nF (3.67)

and
nS ≤ neff ≤ nF. (3.68)

The number of possible modes within a film of given thickness d is further constrained
by the mode condition in z-direction (transverse resonance condition). According to
Ref. [101], this condition can be written as:

2k0 · nF · d · cos θm −∆ΦC −∆ΦS = 2π ·m. (3.69)

In this equation, m = 0, 1, 2, . . . is the mode number, θm describes the propagation angle
of mode m, and ∆ΦC and ∆ΦS are the phase shifts upon reflection at the interface to
the cover and substrate, respectively, which can be expressed as95,101

tan
(
∆ΦTE

C,S/2
)

=

√
n2

eff − n2
C,S

n2
F − n2

eff

(3.70)

for an s-polarized wave and

tan
(
∆ΦTM

C,S /2
)

=
n2

F

n2
C,S

·

√
n2

eff − n2
C,S

n2
F − n2

eff

(3.71)

for a p-polarized wave. For constructive interference, it is required that the phase
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Figure 3.7: (a) Illustration of a leaky mode structure. Light is incident on the
film/substrate interface under an angle slightly below the critical value and can thus
partially escape into the substrate and propagate there under a large angle. (b) Artifi-
cial leaky mode structure. One side of the film layer is bounded by a semitransparent
metallic layer with complex refractive index ñM, hence even for angles well below the
critical angle it is possible to create modes that are to some extend guided in the film.

difference during one cycle of the guided mode is an integer multiple of 2π.
The number of confined modes is discrete and depends on the thickness, the frequency,

and the indices of refraction nF, nS and nC. In the case of an asymmetric waveguide,
a certain minimal thickness d is required for the existence of guided modes. This
value is called cut-off thickness and is always larger for TM-polarized waves than for
TE-polarized radiation. At a given wavelength, the number of confined modes increases
with increasing thickness, starting with the TE0 and TM0 modes, then the TE1 and
TM1 modes and so on. For a given thickness d, a maximal wavelength exists for the
propagation of guided modes. In other words, a certain waveguide mode m may exist
at a smaller thickness in the blue wavelength region in comparison to the red spectral
region.
Since an OLED contains several organic layers with higher refractive index than glass

and air, and because light emission occurs within the organic layers, such a stack natu-
rally represents a waveguide structure. However, the reflection at one of the interfaces
typically occurs at a metallic electrode so that absorption losses occur. In addition,
organic layers and ITO have noticeable absorption so that a guided wave gets damped
during propagation through the layers and is finally dissipated as heat.
By nature, true waveguide modes are totally internally reflected and confined to a

high-index layer and thus are not directly measurable. However, it is also interesting
to study light propagating under an angle slightly below the critical angle. From the
reflectance shown in Fig. 3.3(b) for light incident from a medium with higher refractive
index, it is obvious that the reflectance smoothly decreases for angles below the critical
angle. Thus the light wave can partially escape into the lower index medium, while
some fraction of the light is reflected. If this picture is transferred to light traveling in
a waveguide structure as shown in Fig. 3.7(a), the radiation will be partially emitted
into the substrate upon each reflection and propagate there under an angle close to 90°.
These modes are called weakly guided modes or leaky modes because they leak from
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the waveguide layer to an adjacent medium103.
In order to study the properties of usually inaccessible guided modes even for angles

well below the critical angle, it is possible to create artificial guided modes in a layer
that is bounded on one side by a semitransparent mirror as depicted in Fig. 3.7(b), e.g.
a thin film of silver or aluminum. Although the evanescent wave inside the metallic
film decays exponentially with thickness, the field can penetrate through this layer if it
is thin enough. Consequently, a small fraction of the intensity of the guided mode is
transmitted through the metallic layer upon each reflection if the propagation angle is
smaller than the critical angle θS, i.e. if the mode is allowed to propagate in the substrate
as well. Thus, the mode leaks from the guiding layer into the substrate. The concept of
leaky modes will be used to extract and investigate guided modes in Chapters 9 and 10.
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4. Surface plasmon polaritons

Surface plasmon polaritons are electromagnetic surface waves propagating along the
interface between a conductor and a dielectric97,104. Taking Maxwell’s equations as a
starting point, this chapter describes the fundamentals of surface plasmon polaritons
at flat interfaces. First, the dispersion relation will be derived, and properties like the
propagation length and skin depth will be discussed. Subsequently, the excitation of
surface plasmon polaritons will be investigated and both the grating and prism coupling
methods will be explained. Finally, a surface plasmon resonance sensor will be presented
which uses an integrated OLED light source and thus offers several advantages compared
to other sensing systems.

4.1. Surface plasmons, bulk plasmons and localized
plasmons

Besides the term surface plasmon polariton (SPP) which directly indicates the cou-
pling of surface waves and the free electromagnetic field, these surface waves are often
described by the shorter expression surface plasmon (SP)104,105. Hence, the term SP
will be used in the following. Basically, SPs can be understood as quasiparticles which
describe longitudinal fluctuations of the electron density at a metal/dielectric interface.
These confined p- (TM-)polarized waves have their intensity maximum at the surface
and exponentially decaying fields perpendicular to the interface. The dispersion of SPs
strongly depends on the refractive indices of the metal and the adjacent dielectric, which
makes them particularly interesting for sensing applications. SPs are usually nonradia-
tive because they have a larger wave vector in comparison to light of similar frequency,
hence special coupling methods are required to overcome the mismatch in momentum.
Besides surface plasmons, also excitations of the electrons in the bulk of a metal exist.

These volume plasmons can be excited by electron impact at energies above the plasma
frequency97,104. In addition, metallic nanostructures support localized plasmons. These
plasmons are non-propagating excitations of the conduction electrons of nanoparticles
and can be excited by direct light illumination97. Localized plasmons have found many
applications, even hundreds of years ago they were incidentally used in staining of glass
for windows or in ornamental cups, e.g. the Lycurgus Cup106,107.
However, since OLEDs in this work comprise flat layers without nanoparticles and

since light in the visible spectral region lies below the plasma frequency of those metals
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commonly used for electrodes, both volume and localized plasmons are not relevant and
therefore the discussion in the next sections exclusively focuses on surface plasmons.

4.2. Dispersion relation of surface plasmons

The derivation of the surface plasmon dispersion follows the approach of Sambles et al.
as in Ref. [100]. Other descriptions are found for example in the textbooks about surface
plasmons by Raether104 and Maier97.
Basically, a propagating wave solution confined to a flat interface between a nonab-

sorbing dielectric medium 1 and a conducting metallic medium 2 is requested. Con-
finement implies that the fields are evanescent perpendicular to the interface, i.e. they
decay exponentially with increasing distance from the surface. Let the x-y-plane be
the interface plane and medium 1 expand into the negative z-direction while medium
2 is located in the half space in positive z-direction, as shown in Fig. 4.1(a). Both
media are assumed nonmagnetic and isotropic. The dielectric is assumed transparent,
i.e. the relative permittivity ε1 is a positive real number. For frequencies below the
plasma frequency, the relative permittivity ε2 of the metal is largely real and nega-
tive100, cf. Eq. (3.27). In the beginning, a purely real permittivity ε2 is assumed for the
metal, i.e. a purely imaginary refractive index. The effect of an imaginary component
of ε2 will be discussed later.
A surface wave must satisfy the wave equation in both media. In the case of a

p-polarized wave, the electric field vector lies in the x-z-plane, i.e. the plane of incidence,
while the magnetic field vector only has a y-component. Consequently, the y-component
of the electric field as well as the x- and z-components of the magnetic field are zero.
Thus, the propagation of a p-polarized wave in x-direction is described by the following
fields where subscript 1 and 2 denote the first and second medium, respectively:

~E1 =


Ex1

0

Ez1

 ei(kx·x−ω·t) · eikz1·z and ~H1 =


0

Hy1

0

 ei(kx·x−ω·t) · eikz1·z, (4.1)

~E2 =


Ex2

0

Ez2

 ei(kx·x−ω·t) · eikz2·z and ~H2 =


0

Hy2

0

 ei(kx·x−ω·t) · eikz2·z. (4.2)

In these equations, the continuity of the tangential component of the wave vector was
used, i.e. kx1 = kx2 ≡ kx. The x- and z-components of the wave vector are related by

k2
x + k2

zi = εi · k2
0 with i = 1 or 2, (4.3)

where k0 = ω/c0 is the vacuum wave vector with angular frequency ω and the speed of
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Figure 4.1: (a) Schematic illustration of a confined surface plasmon wave which
results from fluctuations of the electron density at a metal/dielectric interface. The
wave is propagating in the x-direction. (b) Distribution of the electric fields of a
surface plasmon wave. The maximum is located at the interface and the evanescent
fields decay exponentially with increasing distance from the interface. Typically, the
decay in the metal is significantly faster in comparison to the dielectric. z1 and
z2 describe the skin depth of the dielectric and metal, respectively. These values
correspond to the depth at which the electric field falls to 1/e.

light c0 in vacuum.
For a confined surface mode, the electric field must be evanescent and thus decay

exponentially into both media, therefore the following requirements must be fulfilled:

(ikz1) > 0, (4.4)

(ikz2) < 0. (4.5)

This condition can only be fulfilled by assuming a p-polarized wave as will be shown
later.
By applying Maxwell’s equations ~∇ · ~E = 0 and ~∇× ~E = −µ0 · ∂

~H
∂t for isotropic and

nonmagnetic media, the following relations between the electric field components are
found:

Ez1 = −Ex1 ·
kx
kz1

, (4.6)

Ez2 = −Ex2 ·
kx
kz2

, (4.7)

µ0 · ω ·Hy1 = Ex1 · kz1 − Ez1 · kx, (4.8)

µ0 · ω ·Hy2 = Ex2 · kz2 − Ez2 · kx. (4.9)

Using these results as well as Eqs. (3.11) and (4.3), the following relationship between
Hy and Ex is obtained:

Hy1 = ε0 · ε1 · ω · Ex1/kz1, (4.10)

Hy2 = ε0 · ε2 · ω · Ex2/kz2. (4.11)

According to the boundary conditions in Eqs. (3.29) and (3.31), the tangential compo-
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nents of the electric and magnetic field are continuous across the interface, i.e. Ex1 = Ex2

and Hy1 = Hy2. This leads to the following relationship between the relative permit-
tivities and the normal components of the wave vectors:

ε1

kz1
=

ε2

kz2
. (4.12)

This relation can only satisfy requirements (4.4) and (4.5) if ε1 and ε2 have opposite sign,
which is possible if the media are dielectric and metallic, respectively. Equation (4.3)
can thus be rewritten as

kz1 = −i
(
k2
x − ε1 · k2

0

)1/2
, requiring k2

x > ε1 · k2
0, (4.13)

and
kz2 = i

(
k2
x − ε2 · k2

0

)1/2
, requiring k2

x > ε2 · k2
0, (4.14)

thus fulfilling the requirements for exponentially decaying fields in both media. Equa-
tion (4.13) demands that the surface plasmon wave vector is larger than the maximum
photon wave vector available in the dielectric, which causes a fundamental problem for
the excitation of SPs by light as will be discussed in Sec. 4.3. Condition (4.14) for the
metal is automatically satisfied with negative ε2. It is obvious from Eqs. (4.12)–(4.14)
that the evanescent electric field decays much faster in the metal than in the dielectric.
A typical surface plasmon wave and the dependence of the electric fields on the distance
from the interface is illustrated in Figs. 4.1(a) and (b), respectively.

By substituting expressions (4.13) and (4.14) into Eq. (4.12), the dispersion relation
of surface plasmons is found:

kx(ω) = k0 ·
(
ε1 · ε2

ε1 + ε2

)1/2

=
ω

c0
·
(
ε1(ω) · ε2(ω)

ε1(ω) + ε2(ω)

)1/2

. (4.15)

It should be emphasized that the permittivities depend on frequency, i.e. ε1(ω) and
ε2(ω). Thus, Eq. (4.15) cannot be easily resolved into ω(kx). Moreover, it is important
to note that Eq. (4.15) is strictly valid only for semi-infinite metal and dielectric layers.
The influence of finite thicknesses will be discussed in Sec. 7.1.

With negative ε2, it is necessary that |ε2| > ε1 in order to obtain a real kx, which
is the requirement for a propagating mode. Altogether, Maxwell’s equations and the
boundary conditions are satisfied and the result is a confined surface wave having real
kx with kx >

√
ε1 · k0 = n1 · k0 and imaginary kz1 and kz2, provided ε2 < 0 and

|ε2| > ε1. Examples of calculated SP dispersion curves are displayed in Fig. 4.2. For
low frequencies, i.e. small kx, the dispersion relation of SPs approaches the light line,
which is given by ω = c0 ·kx, but it always remains larger so that SPs cannot transform
into light at smooth interfaces. At large kx or ε2 → −ε1, the value of ω approaches the
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Figure 4.2: Dispersion relation of surface plasmons at the interface between air and
several metals according to Eq. (4.15). The dispersion is shown for silver, aluminum
and gold in the range between 400 nm and 800 nm. All values were calculated from the
optical constants shown in the appendix, cf. Sec. A.2. The dashed gray line describes
the light line in air for grazing incidence which is given by ω = c0 · kx.

surface plasmon frequency ωsp which is given by97,104

ωsp =
ωp

(1 + ε1)1/2
, (4.16)

where ωp is the plasma frequency, cf. Eq. (3.28).

It should be noted that gold approaches its plasma frequency for short wavelengths
and thus becomes partially transparent (cf. optical constants of gold in the appendix
in Sec. A.2). This does not only give gold its typical color because blue light is reflected
less, but also results in a loss of its metallic character. Therefore, surface plasmons are
not supported at the interface to a gold film for short wavelengths, i.e. high frequencies.
This causes the strong bending towards large kx values in the dispersion in Fig. 4.2.

It is important to keep in mind that the term wavelength is used as a descriptive
parameter for the energy throughout this work, assuming the relation of ω = (2π ·c0/λ).
For instance, SPs with a wavelength of 500 nm correspond to SPs having an angular
frequency of ω ≈ 3.77 × 1015 Hz. The true wavelength of SPs is smaller because the
wave vector is larger compared to free-space radiation.

As mentioned above, surface plasmons are p-polarized. This can be proven by con-
sidering an s-polarized wave of the form

~Ei =


0

Eyi

0

 ei(kx·x−ω·t) · eikzi·z and ~Hi =


Hxi

0

Hzi

 ei(kx·x−ω·t) · eikzi·z, (4.17)
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with i = 1 or 2. Applying Maxwell’s equation ~∇ · ~B = µ0
~∇ · ~H = 0 gives

Hx1 · kx +Hz1 · kz1 = 0, (4.18)

Hx2 · kx +Hz2 · kz2 = 0. (4.19)

From the boundary conditions for nonmagnetic materials it is known that Hx1 = Hx2

and Hz1 = Hz2, cf. Eqs. (3.31) and (3.32). Consequently, for an s-polarized wave it is
necessary that

kz1 = kz2. (4.20)

However, this result is inconsistent with the requirement that the electric fields decay
exponentially into both media, cf. Eqs. (4.4) and (4.5). In addition, there is a simple
descriptive argument why SPs must not be s-polarized: waves propagating along the
interface between two media must necessarily have electric field components normal to
the surface108. Since s-polarized waves only have an electric field component parallel
to the interface, this requirement cannot be fulfilled. Hence, no confined s-polarized
surface wave can exist at the interface between two homogeneous media95. In other
words, surface plasmon waves are always p- (TM-)polarized.

So far, it was assumed that the permittivities are purely real. In this case the surface
plasmon resonance is infinitely sharp and has an infinite propagation length100. In
reality, the free electrons in a metal suffer scattering with lattice vibrations, defects and
the surface, which leads to damping of the oscillations created by the electric field. This
causes an imaginary component of the relative permittivity:

ε2 = (n2 + iκ2)2 = n2
2 − κ2

2 + 2in2 · κ2 = ε2r + i ε2i, (4.21)

where ε2r and ε2i describe the real and imaginary component of the relative permittivity
of the metal, respectively. Hence, the dispersion relation is modified:

kx = k0 ·
(
ε1 · (ε2r + i ε2i)

ε1 + ε2r + i ε2i

)1/2

. (4.22)

Thus, the wave vector in x-direction becomes complex, i.e. kx = kxr + i kxi. By working
out the real and imaginary parts and assuming ε2i � ε2r, the components of the complex
wave vector are found to be97,104

kxr = k0 ·
(
ε1 · ε2r

ε1 + ε2r

)1/2

, (4.23)

kxi = k0 ·
(
ε1 · ε2r

ε1 + ε2r

)3/2

· ε2i

2 (ε2r)2
. (4.24)

Obviously, the equation for the real component of kx corresponds to Eq. (4.15) if ε2 is
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Figure 4.3: (a) Real (ε2r) and imaginary (ε2i) parts of the permittivity of silver,
aluminum and gold calculated from the optical constants in the appendix, cf. Sec. A.2.
(b) Ratio ε2i/(ε2r)

2 which determines the width and thus the observability of SP
resonance.

replaced by ε2r. Therefore, the dispersion relation only depends on the real component
of the permittivity of the metal. The result for the imaginary component can be further
simplified if ε1 � ε2r is assumed100:

kxi =
1

2
k0 ·

ε2i · (ε1)3/2

(ε2r)2
. (4.25)

Hence, the attenuation of surface plasmon waves is governed by both the real and
imaginary component of the metal. The width of the SP resonance is proportional to kxi.
Therefore, metals with small ε2i and large negative ε2r are required in order to obtain a
sharp resonance and thus an increase in observability100. Although many metals support
a sharp resonance in the near infrared, only a few materials are suitable in the visible
spectral region. Especially silver, gold and aluminum are good candidates, and the real
and imaginary parts of their complex permittivity are shown in Fig. 4.3(a). The ratio
ε2i/(ε2r)

2, which determines the internal damping, is plotted in Fig. 4.3(b). It is obvious
that silver is the optimal metal for a sharp SP resonance in the visible spectrum104. This
will also be confirmed by measurements in Sec. 9.3.1. Therefore, silver is the material
of choice for studying the properties of SPs and it will be used throughout this work in
order to investigate ways of extracting energy which was dissipated to SPs.

The spatial extension of an SP wave may be described by the wave vectors in x-
and z-direction, but it is more convenient to use the propagation length and the skin
depth104. As the wave propagates along a planar interface, it loses energy to the metal
due to finite damping, which causes heating of the metal. The intensity of SPs is
proportional to the square of the electric field and decreases as exp(−2kxi · x). The
propagation length L after which the intensity decreases to 1/e is thus given by104

L =
1

2kxi
. (4.26)
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The skin depth zi ∝ 1/kzi in medium i is defined as the depth at which the electric field
falls to 1/e (cf. Fig. 4.1(b)) and is thus given by104,108:

z1 =
λ

2π
·
(
ε1 + ε2r

−(ε1)2

)1/2

and z2 =
λ

2π
·
(
ε1 + ε2r

−(ε2r)2

)1/2

. (4.27)

It should be noted that the values in Eq. (4.27) must be actually multiplied with the
imaginary unit and the correct sign in order to obtain an exponential decay of the fields
defined in Eqs. (4.1) and (4.2). However, the skin depth is written in this form to obtain
a descriptive (i.e. real and positive) value which can be expressed in nanometers.
It is instructive to calculate examples of the characteristic values which describe an

SP wave. For an interface between air and silver and a wavelength of λ = 550 nm, the
refractive indices are given by n1 = 1 and n2 = 0.105+i 3.66, and thus the permittivities
are ε1 = 1 and ε2 = −13.4 + i 0.769. Hence, the real part of the in-plane wave vector
is kxr = 1.188 × 107 m−1, which is larger than k0 = 1.142 × 107 m−1 in air. According
to Eq. (4.24), the imaginary part of kx has a value of kxi = 2.75 × 104 m−1. This
corresponds to a propagation length of 18.2 µm. The skin depth in air is 308 nm, while
the skin depth in silver is only 23 nm.
If the interface between a typical organic material with a permittivity of ε1 = n2

1 =

(1.8)2 = 3.24 and silver is examined, most of the above values change significantly. The
real part of the wave vector then increases to kxr = 2.36×107 m−1, while the propagation
length decreases to 2.3 µm. The skin depth in the organic medium is reduced to 86 nm,
whereas the skin depth in the metal is 21 nm and thus almost similar to the first example.
Considering the interaction of SPs with light as discussed in the next section, only the

real part of the complex wave vector is relevant. In the following, the real component
will be denoted by kx, keeping in mind that it actually refers to kxr.

4.3. Coupling of surface plasmons and light

As discussed in the previous section, surface plasmons on a flat metal/dielectric interface
cannot be directly excited by light incident from the dielectric because the projection of
the photon momentum along the interface is always smaller than the SP wave vector,
even at grazing incidence. Nevertheless, excitation of SPs by light is possible by using
special coupling methods (prism or grating coupling) or via the near-field of e.g. a
fluorescent dye which is in proximity to a metal surface97,104. In addition, SPs can be
excited by electron bombardment and highly focused optical beams97. However, the
latter approaches will not be treated in this work because they are not relevant for
OLEDs.
Apparently, the excitation by light must circumvent the fundamental problem that the

wave vector of an SP wave for a given frequency is larger than the wave vector of light,
cf. Eq. (4.13). Figure 4.4 illustrates this problem and shows the schematic dispersion of
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Figure 4.4: Schematic illustration of the SP dispersion at a silver/air and a sil-
ver/glass interface (solid lines). The dashed black and red lines represent the light
line in air and glass (refractive index n1), respectively. The air and glass light cones
are indicated as gray areas. By changing the angle of incidence, the slope of the light
dispersion increases as depicted by the dashed blue line.

SPs and the light line for both a silver/air as well as a silver/glass interface.
In general, the wave vector of light (i.e. its momentum) is increased by a factor n1 in

comparison to the vacuum wave vector, if the light wave propagates in a medium with
refractive index n1. Therefore, the in-plane wave vector of light in such a medium at
an angle of incidence θ is given by

kx = n1 · k0 · sin θ, (4.28)

with k0 being the wave vector in vacuum. Thus, the dispersion in terms of the in-plane
wave vector at this angle is

ω = c0 · k0 =
c0 · kx

(n1 · sin θ)
. (4.29)

The maximum in-plane wave vector is obtained at grazing incidence, i.e. the angle of
incidence is θ = 90°. In this case, kx = n1 · k0 · sin 90° = n1 · k0, and the dispersion
relation is given by ω = c0 · kx/n1. This determines the light line of the medium. For
a given frequency, the wave vector of light in a medium with n1 > 1 is larger than the
corresponding wave vector in air. Hence, the slope of the glass light line is reduced by
a factor (1/n1) and the light line in glass is bent to the right in comparison to the light
line in air, cf. Fig. 4.4.
It is apparent from Eq. (4.28) that the in-plane wave vector of light can take any

value between zero and (n1 · k0) if the angle is varied between 0 ≤ θ ≤ 90°. This defines
the light cone as the area between the axis kx = 0 and the light line. An exemplary
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Figure 4.5: (a) Illustration of near-field coupling of an excited molecule to SPs. The
emitting molecule must be positioned close to the metal so that its dipole field overlaps
with the evanescent SP field. (b) SP excitation by grating coupling. The wave vector
mismatch between incident light and SPs is compensated by Bragg scattering at the
grating, thus changing the wave vector by integer multiples of the grating wave vector
kg = 2π/λg, with λg being the period of the grating.

dispersion of light propagating in glass at an angle of θ = 55° is indicated as dashed
blue line in Fig. 4.4.
However, it is obvious that the SP dispersion at a silver/air interface lies to the right

of the air light cone, and similarly the SPs at a glass/air interface have a larger wave
vector than the corresponding light line in glass. In other words, the excitation of SPs at
a planar interface by light incident from the adjacent dielectric medium is not possible
because energy (~ω) and momentum (~kx) conservation for the coupling of light and
SPs cannot be fulfilled as SPs have a too large in-plane wave vector. Hence, special
coupling methods are required in order to excite SPs.
As a matter of fact, the reverse process is also prohibited, i.e. SPs propagating at a

planar interface are normally nonradiative and cannot transform into free-space radia-
tion. However, if SPs can be excited by a certain coupling technique, it should also be
possible to make SPs radiative and thus extract energy from SPs and transform them
back to visible light by the reverse method. These approaches represent interesting con-
cepts for enhancing the light extraction of OLEDs and hence will be treated in detail in
Chapters 7, 8, and 9. Therefore, this section only briefly explains the basic idea of each
of the coupling techniques, i.e. near-field coupling, grating coupling and prism coupling.

Near-field coupling

This coupling method was already mentioned in the context of optical loss channels of
OLEDs in Sec. 2.5. If an excited organic molecule is in close proximity to a metallic
surface, i.e. within a distance of about one hundred nanometers, the field of the molec-
ular dipole oscillator and the evanescent SP field overlap, as illustrated in Fig. 4.5(a).
Energy and momentum conservation can be fulfilled because an excited dye is not re-
stricted to small wave vectors25. Therefore, the molecule can dissipate its energy via
its optical near-field into a confined SP wave instead of emitting a freely propagating
photon into the organic layer.
The coupling of excited molecules to SPs strongly depends on the distance of the
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4.3 Coupling of surface plasmons and light

molecule to the metallic surface and the orientation of the transition dipole moment as
will be discussed in Secs. 5.5 and 11.1.2, respectively109. In Chapter 7, this coupling
method will be used in a reverse way in order to excite acceptor molecules by the SP
field and thus recover some of the energy lost to SPs.

Grating coupling

In order to excite SPs at a metallic surface with light incident through the adjacent
dielectric medium, it is necessary to match the in-plane wave vector klight of the incident
photons with the SP wave vector kSP for a given frequency.
One of the methods to achieve this is grating coupling97,104,110. In this approach, the

interface between the metal and the dielectric is not planar but periodically corrugated,
as shown in Fig. 4.5(b). The grating has a period λg and a corresponding wave vector
kg = 2π/λg. The incident light can Bragg scatter at the grating, thus shifting the
in-plane wave vector by a multiple of the grating wave vector. Hence, the mismatch
in kx between light and SPs is compensated by an additional wave vector component
kg. Consequently, energy and momentum conservation can be fulfilled and coupling
between radiation and SPs is allowed.
Besides coupling of light to SPs, the reverse process is also possible, i.e. SPs can Bragg

scatter at the grating and transform into propagating light. Extraction of SPs by means
of a periodically structured grating and the accompanying theoretical description will
be studied in detail in Chapter 8.

Prism coupling

Even without a grating, SPs can be excited by incident light using the prism coupling
approach104. This method makes use of the evanescent field which occurs in the case of
total internal reflection of light as discussed in Sec. 3.3. One of the configurations used
to excite SPs is depicted in Fig. 4.6(a). This setup is commonly called Kretschmann-
(or Kretschmann-Raether-) configuration111. Light is incident through a prism with
refractive index np which must be larger than the refractive index of the environment at
the bottom side of the metal, e.g. air. It should be noted that p-polarized light is required
for coupling between light and SPs. Typically, the prism is made of glass and frequently
silver is used as metallic layer. Hence, the light line in the prism corresponds to the
glass light line in Fig. 4.4. Upon reflection at the silver/glass interface, an evanescent
field emerges which penetrates through the silver layer if the thickness is small enough,
i.e. a few tens of nanometers. The SP dispersion on the bottom silver surface is mainly
determined by the air environment and thus represented by the silver/air dispersion
in Fig. 4.4. Depending on the angle of incidence, the in-plane wave vector of light
in the prism can take any value between zero and the glass light line, cf. Eq. (4.28).
Thus, coupling between radiation in the prism and SP waves at the silver/air interface
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Figure 4.6: Illustration of the prism coupling technique. (a) Kretschmann configura-
tion. Light incident through a glass prism can couple to SPs at the metal/air interface
via the evanescent field that occurs upon total reflection at the metal/glass interface.
(b) Otto configuration. Coupling takes place via the evanescent field through a thin
air gap.

can be realized by adjusting the angle of incidence for a given frequency. In other
words, varying the angle of incidence of the radiation allows for tuning through the
resonance100. Coupling is possible up to a maximum frequency which is determined by
the crossing point of the glass light line and the SP dispersion at the silver/air interface.
It should be noted that excitation of SPs at the silver/glass interface cannot be achieved
because the SP dispersion at this interface lies outside the glass light cone.

Another possible configuration is displayed in Fig. 4.6(b). In the so-called Otto
configuration, the prism and metal are separated by a thin air gap100,112. Here, the
evanescent field that occurs upon total internal reflection at the glass/air interface
penetrates through the air gap and can couple to SPs at the top silver/air interface.
This configuration has less practical importance nowadays, which is mainly due to the
problematic realization of the thin air gap. Therefore, this gap is sometimes replaced
by a thin dielectric spacer which must have a lower refractive index in comparison to
the prism100.

The prism coupling approach based on the Kretschmann geometry will be widely
used throughout this work. The following section discusses the influence of various
parameters in detail. Section 4.5 introduces a surface plasmon resonance sensor which
makes use of the prism coupling approach.

As in the case of grating coupling, the reversed prism coupling approach may be
utilized for transforming SPs into free-space radiation. Chapter 9 investigates the com-
monly used configuration with a glass prism and studies the influence of the metal and
its thickness as well as the role of an adjacent dielectric medium. In order to apply the
reversed method for increasing light extraction in OLEDs, it is necessary to modify the
configuration so that the refractive index of the prism is significantly increased. This
“high-index coupling” technique is subject of Chapter 10.
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Figure 4.7: Simulated p-polarized reflectivity in a Kretschmann configuration as
shown in Fig. 4.6(a) with variation of (a) silver thickness dAg, (b) wavelength λ of the
incident light, (c) refractive index nmedium of the adjacent medium and (d) thickness
dcover layer of a dielectric cover layer (n = 1.8). Light is incident through a prism
with nglass = 1.5. For comparison, the s-polarized reflectivity is plotted in (c) for
nmedium = 1. Optical constants of silver: n = 0.081+i 2.69 (450 nm), n = 0.092+i 3.19
(500 nm) and n = 0.105 + i 3.66 (550 nm). Simulations were performed using the pro-
gram RSim from Markus Leitz114.

4.4. Attenuated total reflection

The prism coupling approach is also called frustrated or attenuated total (internal)
reflection (ATR) because the incident light resonantly couples to SPs and therefore
the intensity of the reflected light is attenuated111,113. The basic setup was already
presented in Fig. 4.6(a). Since the excitation occurs under an angle of incidence larger
than the critical angle of total internal reflection, the transmission naturally vanishes.
Hence, due to conservation of energy, a minimum in the reflectivity corresponds to
a maximum in the absorption and thus strong coupling of light to SPs. Figure 4.7
illustrates the dependence of the p-polarized reflectivity on several parameters of the
setup104,111.
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4 Surface plasmon polaritons

The thickness of the metal is probably the most important parameter as can be seen
in Fig. 4.7(a). The depth of the surface plasmon resonance (SPR) strongly depends
on the thickness. In fact, the reflectivity can even reach a value of zero for a certain
thickness. A further increase reduces the depth of the SPR again. Moreover, the width
of the SPR is reduced with increasing thickness. In contrast, the angular position of
the SPR is only slightly influenced. For a small metal thickness, the evanescent SP
field partially penetrates through the metal and senses the higher refractive index of
the prism. Hence, the dispersion is not only determined by the adjacent medium on the
bottom metal side but also slightly by the prism material. Therefore, the dispersion is
shifted to higher wave vectors and thus the angle of the SPR is increased. This effect
will be discussed in more detail in Sec. 7.1.

The influence of the wavelength is displayed in Fig. 4.7(b). It is obvious that a smaller
wavelength primarily shifts the SPR to larger angles whereas the depth remains almost
unchanged. In addition, the width increases slightly because the internal damping is
larger at smaller wavelengths111, cf. Fig. 4.3(b).

Another very important parameter is the refractive index of the adjacent medium as
shown in Fig. 4.7(c). Even small changes in the refractive index cause a significant shift
of the SPR position and thus are easily detectable. For the purpose of comparison, this
graph also shows the s-polarized reflectivity. In this case, the reflectivity is very high
over the whole angular range because SPs cannot be excited by s-polarized radiation.

Figure 4.7(d) illustrates the influence of a thin dielectric cover layer (n = 1.8) on the
bottom side of the Ag film. Due to the higher refractive index compared to air, the SPR
shifts to higher angles. Depending on the thickness of this layer, the evanescent SP field
penetrates through the dielectric layer into air and thus the SPR position is determined
by both media as will be explained in detail in Sec. 7.1. If the thickness of the dielectric
layer gets too large, i.e. above around 50 nm, a large fraction of the SP field is located
in the dielectric layer and thus the SP dispersion is governed by this layer. Since the
refractive index is larger in the dielectric layer than in the prism, the Kretschmann
configuration is no more fulfilled and no coupling to SPs is possible. It should also be
noted that the width of the SPR will increase if the cover layer is absorbing.

It should be stressed that SPs excited by the prism coupling method are inherently
leaky waves, i.e. they lose energy not only due to internal damping but also due to
leakage of radiation into the prism97. The minimum in the intensity of the reflected beam
arises from destructive interference between leakage radiation and directly reflected
light. As displayed in Fig. 4.7(a), the destructive interference can be perfect for a
specific metal thickness, thus providing a vanishing intensity of the reflected radiation.

The findings above are in general also valid in the case of the reversed Kretschmann
configuration which will be used for extracting light from SPs in Chapters 9 and 10. In
this case, SPs are excited by near-field coupling of an adjacent dye. Hence, there is no
destructive interference in the prism, and leakage radiation can be coupled out.
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4.5 Surface plasmon resonance sensor utilizing an integrated OLED

Figure 4.8: Photographs of the blue, green and red OLEDs used as light source for
the SPR sensor. The active area of all OLED pixels is 10mm × 0.5mm, so that the
OLED can be regarded as a linear light source in this case.

4.5. Surface plasmon resonance sensor utilizing an
integrated OLED

Due to their unique properties, surface plasmons are utilized for instance in plasmonic
waveguides97 or in surface enhanced Raman scattering due to the enhanced field near
the surface97,104. In fact, a new field called plasmonics has emerged with numerous
applications, see e.g. Refs. [97, 106, 108, 115] for a detailed list. This section briefly
introduces a novel SPR sensor on the basis of an integrated OLED light source. A
detailed description can be found in Refs. [116–119].
Since surface plasmons are extremely sensitive to slight perturbations within their

skin depth, surface plasmon resonance sensors are ideally suited for sensing applica-
tions111,120–123. The sensor presented in this section includes a metallic sensing layer
and an OLED which are located on opposite sides of one common prism. The light
emitted by the OLED leaves the prism after reflection at the sensing layer. Using an
OLED as a light source has the considerable advantage that light is inherently emitted
into a glass substrate. Therefore, OLEDs are perfect candidates for a combination with
the prism coupling approach whereas the radiation from other light sources, e.g. lasers
or halogen lamps, has to be coupled into the prism using special optical components.
First, an analysis of the spectral and angular dependent intensity of the reflected

light will be shown for sensing layers consisting of silver and gold. Moreover, the sensor
function will be illustrated by real-time monitoring of the dissolving process of sodium
chloride (NaCl) in water. Finally, the monolithic integration of both the OLED and the
metallic sensing layer will be presented.

Experimental setup

Three OLEDs with different emission spectra were used as light source in the experi-
ments, cf. Fig. 4.8. The OLEDs are based on the same emitter materials as the OLEDs
described in Sec. 2.7.3. By combining a blue, green and red OLED, almost the whole
visible spectrum can be covered.
The experimental arrangement is shown in Fig. 4.9. As metallic sensor films, silver
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Figure 4.9: (a) Top view of the experimental setup for measurements in air: An
OLED and a metallic sensor film are located on opposite sides of a glass prism which
was mounted on a motorized rotation stage. Light was incident under an angle θ on
the metallic sensing film. (b) For measurements in aqueous environment, the OLED
and the metal film were attached to the edges of a trapezoidal plexiglass prism forming
an angle of about 75° towards the prism base.

and gold were thermally evaporated on pre-cleaned glass substrates. For SPR mea-
surements at a metal/air interface, two right-angle prisms were connected by index-
matching gel to form a parallelepiped and the OLED and the metallic sensing layer
were attached to opposite sides of the prism by index-matching gel, cf. Fig. 4.9(a). For
SPR measurements in aqueous environment, the OLED was attached to the left edge of
a custom-made trapezoidal plexiglass prism, and the metallic sensing layer was located
at the base of the prism, as shown in Fig. 4.9(b). Inside the glass prism, the OLED
irradiated the metallic sensing layer with polychromatic light under various angles of
incidence. The reflected light left through the edge of the prism and passed a linear
polarizing filter so that only the p-polarized fraction was detected. A collimating lens
focused the light onto an optical fiber guiding it to a calibrated CCD spectrometer.

For the measurement of the plasmon dispersion relation, the prism was mounted on a
motorized computer-controlled rotation stage in such a way that the illuminated metal
film was located on the axis of rotation. A spectrum of the reflected light was recorded
after each angle step. Additionally, the refraction of the light at the prism/air interface
must be taken into account in order to determine the angle of incidence under which
the light of the OLED impinges on the metal film. In order to obtain the p-polarized
reflectivity, a reference measurement without metallic layer was performed for each
experiment.
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Figure 4.10: (a) Measurement and (b) simulation of the spectrally resolved angular
dependent p-polarized reflectivity of a 49 nm thick silver film exposed to air. Light
is incident through a BK7 glass prism. Regions of low reflectivity indicate resonant
coupling to SPs. The simulation was carried out with the commercial software ETFOS
(Fluxim AG, Switzerland) using optical constants from ellipsometric measurements,
cf. appendix Sec. A.2.
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Figure 4.11: (a) Measurement and (b) simulation of the spectrally resolved angular
dependent p-polarized reflectivity of a 49 nm thick gold film exposed to air.

Surface plasmon resonance at metal/air interfaces

Figure 4.10 displays the measured and simulated p-polarized reflectivity at the interface
of a 49 nm thick silver film to air obtained over a spectral range from 430 nm to 700 nm
using three different OLEDs (cf. Fig. 4.8). It should be noted that the measured SP
dispersion is plotted in terms of wavelength versus angle of incidence whereas the dis-
persion relations in Figs. 4.2 and 4.4 were plotted as angular frequency versus in-plane
wave vector.
At the chosen silver thickness it is expected that the resonance condition for the

excitation of SPs is ideal and the reflectivity should drop to almost zero over a broad
wavelength range as can be seen in the simulation. The observed angular dependence
of the reflectivity minimum is in very good agreement with the simulated result.
The measurement at a gold/air interface in Fig. 4.11(a) illustrates the influence of

the material that is used as sensing layer. The overall agreement between experiment
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Figure 4.12: (a) Measured intensity of the p-polarized light of a red OLED reflected
at a 48 nm gold film adjacent to a reservoir with either pure water or water with
10wt% NaCl. The reference measurement was performed by replacing the gold film
with a bare glass substrate. (b) Reflectivity obtained by dividing the measured spectra
in (a) by the reference spectrum.

and simulation is again very good. The dispersion relation of the SPs has a smaller
slope and is located at higher angles compared to silver. In addition, the SPR feature
is much broader in the case of gold due to stronger internal damping. The SPR feature
completely disappears for small wavelengths, and the reflectivity at the gold/air interface
is low over the whole range of angles because the frequency of light approaches the
plasma frequency of gold.

Real-time monitoring of the dissolving process of sodium chloride

SPR sensors are widely used to monitor biospecific interactions or to determine con-
centrations of biomolecules in a solvent. To illustrate the feasibility of the presented
sensor to detect changes in concentration in real-time, this section demonstrates the
dissolving process of NaCl in a water reservoir adjacent to the metallic sensing layer,
cf. Fig. 4.9(b). For this purpose, 48 nm Au were evaporated on an approximately 1 nm
thick Ti adhesion layer to increase the sticking of gold on the glass substrate in contact
with the aqueous environment. Gold is frequently used for sensing in aqueous envi-
ronment because it is chemically more stable than silver. A red OLED was used as
light source in these experiments. Similar to the case of silver shown in Fig. 4.7(c),
simulations predict that the SPR feature shifts to larger angles of about 70–80 degrees
if the gold layer is in contact with water. Thus, a custom-made trapezoidal plexiglass
prism was fabricated so that the light from the OLED was incident on the metal film
under an angle in this range.

By increasing the NaCl concentration in water, the refractive index increases124. Since
the angle of incidence is kept constant in these measurements, the spectral position of
the minimum is expected to shift to higher wavelengths depending on the concentration
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Figure 4.13: Wavelength and time dependent reflectivity of a gold/water interface at
an incidence angle in the plexiglass prism of approximately 76°. The water reservoir
was empty in the beginning. After five minutes, 4.5ml water was filled into the
reservoir adjacent to the gold film. Five minutes later, an amount of 0.5 g NaCl
was added. The salt slowly dissolved, causing a shift of the spectral position of the
minimum to higher wavelengths. After 30 minutes, the amount of water was increased
by 5ml which caused a dilution and the minimum shifted back to lower wavelengths.

of NaCl. Two exemplary measurements for pure water and water with a NaCl concen-
tration of 10wt% are displayed in Fig. 4.12(a). In addition, a reference measurement
without metallic sensing layer is shown. It is obvious that coupling of incident light to
SPs strongly reduces the reflected intensity. By dividing the measured spectra by the
reference, the p-polarized reflectivity can be calculated, which yields a reflectivity of
roughly 0.1 in the minimum as shown in Fig. 4.12(b). This verifies that the thickness
of the gold film is close to the optimal value. It can be seen that the spectral position
of the minimum significantly shifts by more than 30 nm due to the addition of 10wt%
NaCl to water.

In order to demonstrate the suitability of the presented SPR sensor for real-time
monitoring, i.e. the detection of changes over time, Fig. 4.13 shows the reflectivity of a
gold/water interface as a function of wavelength and time at a fixed angle of incidence.
The water reservoir next to the gold film was empty for the first five minutes. Hence,
the reflectivity is measured at an angle of incidence which is far away from the resonance
position. Therefore, no minimum can be observed and the reflectivity of the gold film
is very high over the whole wavelength range. After adding 4.5ml of water, which
was sufficient to cover the gold film completely with water, a pronounced minimum
appears due to coupling of incident light to SPs. After ten minutes, an amount of 0.5 g
NaCl was added, and after one more minute stirring of the water reservoir was started.
The salt slowly dissolved and the minimum position shifts to higher wavelengths with
increasing salt concentration. After 30 minutes, another 5ml of pure water was added
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Figure 4.14: Refractive index of water and concentration of NaCl derived from the
spectral position of the minimum in Fig. 4.13.

to the reservoir. This dilution instantaneously reduced the concentration of NaCl and
the minimum position shifted back to lower wavelengths.
The concentration of NaCl can be computed from the refractive index of the solution,

which in turn can be determined from the position of the minimum, as described in de-
tail in Ref. [116]. The result is depicted in Fig. 4.14. The maximum measured NaCl
concentration is 10.9wt% and it drops to 5.5wt% after dilution. The theoretical con-
centration that is derived from the amount of inserted water and salt should be 10wt%
before and 5wt% after dilution, respectively. The difference between the measurement
and the expected value possibly results from evaporation of water due to stirring.
This experiment demonstrates that the sensor is capable of monitoring the concen-

tration of dissolved NaCl in water in real-time, thus the sensor also has the potential
of measuring concentrations of other materials or biomolecules within a solvent. In
addition, other parameters like changes of the temperature of a water reservoir can be
detected because this directly influences the refractive index of water125,126. Such a
measurement and additional information about the presented SPR sensor like its sen-
sitivity and detection limit as well as a discussion of the benefits of an OLED based
sensor can be found in Refs. [116–118].

Monolithic integration of light source and sensing layer

Although the SPR sensor based on an integrated OLED light source is an important
step for realizing a miniaturized sensing system, the large prism geometry still limits the
size. Clearly, the next step in miniaturization is to monolithically integrate the OLED
light source and the metallic sensing layer on one common substrate as depicted in
Fig. 4.15(a). This approach demonstrates that the presented SPR sensor is particularly
compatible with the planar glass light pipe platform127.
The spectrally resolved angular dependent measurement of the reflected light using
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Figure 4.15: (a) Monolithic integration of OLED light source and metallic sensing
film on one common substrate. A prism is used to extract the light which is waveg-
uided along the substrate. (b) Measured angular and spectrally resolved intensity of
p-polarized light extracted from the setup shown in (a).

this configuration is displayed in Fig. 4.15(b). It was not possible to determine a refer-
ence measurement in this case because the metallic layer was directly evaporated onto
the substrate and could not be removed. Thus, the graph does not display the reflectiv-
ity but the intensity of the reflected light. Nevertheless, resonant coupling to SPs at the
48 nm thick silver film is clearly observable and the position of the minimum coincides
excellently with the result shown in Fig. 4.10 which was measured with the larger prism
setup using separated OLED and sensing layer.
Naturally, the application of a prism to extract light from the device shown in

Fig. 4.15(a) as well as detection by an external spectrometer still significantly limit
the size of the sensor. However, it should be stressed that the presented SPR sensor can
easily be combined with an integrated detector, e.g. an organic photodiode. Hence, the
sensor can be completely monolithically integrated on one substrate, which may even
be a plastic foil. Thus, this sensor approach offers enormous potential for miniaturiza-
tion and the possibility to fabricate low-cost disposable SPR sensors for a wide range
of applications.
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5. Optical simulations of OLEDs

This chapter discusses optical simulations based on the dipole model, in which an excited
molecule is treated as a forced damped harmonic dipole oscillator. First, the basic
physics behind this model will be explained with special emphasis on cavity effects,
which influence the efficiency and the emission characteristics. Then, the simulations
will be applied to an exemplary green Alq3 OLED stack in order to obtain the total
optical power dissipation spectrum. Subsequently, angular dependent emission spectra
will be simulated and compared to measurements in order to provide evidence for the
accuracy of the simulation tool. In addition, the integral coupling to different optical
channels will be analyzed for this particular OLED. Finally, an optimization of the
outcoupling efficiency in terms of a thickness variation will be performed and discussed.

5.1. Optical simulations based on the dipole model

The calculation of the reflectivities shown in the previous chapter is rather straight-
forward by using a transfer-matrix method as introduced in Sec. 3.4. In contrast, the
optical model required to describe the behavior of an excited molecule in a multilayer
OLED stack is far more complicated and must include optical near-field effects and
the coupling to the photonic modes of the OLED cavity. Due to the multilayer struc-
ture of an OLED with different thin layers typically having thicknesses of less than
a wavelength, it is necessary to take multiple reflections and interference effects into
account50.
Frequently, a dipole model is used that originally dates back to 1909 when Sommer-

feld described the propagation of radio waves above the earth’s conducting surface128.
According to this theory, an oscillating radio antenna can emit both propagating waves
as well as bound surface waves. This model has been adapted for oscillating dipoles with
frequencies in the visible spectral range, i.e. around nine orders of magnitude difference
in frequency and wavelength17,18,25,28,129. However, such a dipole similarly couples to
freely propagating radiation, i.e. photons, as well as to bound surface waves, i.e. surface
plasmons.
In this model, an excited molecule is treated as a forced damped harmonic oscillator

inside the cavity environment of an OLED. The dipole is damped because the oscillator
radiates power and it is forced in that the field reflected by interfaces provides a driving
term, i.e. the cavity interacts with the dipole25,28. This causes modifications in the decay
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rate, the luminescence intensity and the radiation pattern of the molecular dipole. The
equation of motion for the electronic dipole moment p is given by

d2p

dt2
+ ω2

0 · p =
e2

m
· Er − Γ0 ·

dp
dt
, (5.1)

where ω0 is the resonant angular frequency in the absence of all damping, m is the
effective mass of the dipole, e is the electric charge, Er is the reflected field at the
dipole position, and Γ0 is the decay rate in the absence of any interfaces. The decay
rate is given by Γ0 = Γr + Γnr and it is also known as damping constant or inverse
lifetime of the dipole oscillator and is composed of a radiative contribution Γr and a
nonradiative contribution Γnr. These values are associated with the radiative quantum
efficiency of the emitter as described in Sec. 2.4. It should be noted that coupling to
waveguide modes and surface plasmons is also strongly influenced by the cavity and
therefore attributed as a radiative decay channel even though each of these modes itself
is normally trapped within the OLED and therefore non-emissive in a way that they
cannot be easily extracted from the stack. Therefore, the truly nonradiative decay rate
Γnr includes only intrinsic losses like thermal deactivation of the excited state. Hence,
Γnr can be assumed to be constant, i.e. not influenced by the cavity environment52. In
contrast, the radiative decay rate Γr can be enhanced or reduced by the cavity, resulting
in a modified radiative decay rate Γ∗r = F · Γr, with F being the Purcell factor50,51.
This has an important effect on the radiative quantum efficiency q of an emitter and
may lead to an increased effective radiative quantum efficiency qeff as will be discussed
in Sec. 5.4.

The derivation of the model is described in detail e.g. in Refs. [25,28,130]. Therefore,
only a short summary about the main steps will be given in this section. The basic
assumptions of the model are for instance layers which have a certain thickness in
one dimension while extending infinitely in both other dimensions. All interfaces are
assumed to be perfectly flat. In addition, the point dipole approximation is used, i.e.
the size of the dipole is small compared to both the wavelength and the separation
between dipole and interfaces.

As a first step, the Fresnel coefficients for s- and p-polarized radiation are calculated
for the hemisphere above and below the emitting layer by means of a transfer-matrix
method as introduced in Sec. 3.4, thus taking account of the thicknesses and complex
permittivities of all layers as well as the emitter position which is assumed to be infinitely
narrow. The dipole field is expanded as a sum of plane waves which are characterized by
different in-plane wave vectors kx, i.e. momenta in the plane of the surface. Then, the
interaction of the dipole field with the cavity is considered by combining the reflected
field with the source field to deduce the modified decay rate of the multilayer system.

Using the in-plane wave vector as a variable is advantageous, because this value is
constant in each layer in contrast to the propagation angle. Furthermore, it allows the
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incorporation of coupling to evanescent modes such as SPs, which have in-plane wave
vectors larger than the radiation in the far-field.
The calculations are performed for a set of three orthogonal dipole orientations, two

of them oriented in the plane of the interfaces whereas the third is perpendicular to
the interfaces, as will be explained in detail in Chapter 11. Any particular dipole
orientation can be represented as a weighted sum of these three cases. For small molecule
based OLEDs, in many cases an isotropic dipole orientation is justified, i.e. each dipole
orientation receives one third of the available power. However, some small molecular
materials exhibit significant orientation effects as will be demonstrated in Chapter 11.
Since an excited dipole has a broad emission spectrum, the computation is performed

for a wide range of wavelengths, each weighted according to the spectrum of the emit-
ter, cf. Sec. 5.2. Finally, the extraction of radiation from the stack into air or into
the substrate can be calculated by using the Fresnel transmission coefficients. For a
comparison to experiments, it is also necessary to transform the in-plane wave vector
into an emission angle as will be discussed in Sec. 5.3.
The simulation routine used for most optical simulations in the present work is imple-

mented in a Maple program called Power Dissipation Calculator (PDCalc) which was for
the most part developed by Nils Reinke130 under collaboration with OSRAMOpto Semi-
conductors GmbH in Regensburg, Germany, within the project “OPAL 2008” funded
by the German Federal ministry of Education and Research (BMBF). Afterwards, the
program was checked intensively by Stefan Nowy in the course of his PhD thesis, and
several additions like a batch mode for layer thickness variations have been included131.
During the work for this thesis, an additional program for the conversion of wave vec-

tor to angle was developed in order to compare the simulated results to measurements.
Furthermore, the program was modified so that the results for each dipole orientation
can be analyzed separately. The benefits of an anisotropic dipole orientation in OLEDs
will be discussed in detail in Chapter 11.
An explanation of the input parameters and step sizes as well as some basic application

guide lines for the simulation program will be given in the appendix, cf. Sec. A.3.
Exemplary simulation results and a comparison to experiments will be demonstrated in
the following sections.

5.2. Power dissipation spectra

The simulations are based on the exemplary green Alq3 OLED, which was introduced
in Sec. 2.7.3. The stack layout and the measured EL spectrum are once more shown in
Figs. 5.1(a) and (b), respectively.
The basic result of the simulation is the optical power dissipation calculated for a

given in-plane wave vector at a certain wavelength. By performing the simulation for
a range of in-plane wave vectors and wavelengths, a power dissipation spectrum is

77



5 Optical simulations of OLEDs

1x10
7

2x10
7

3x10
7

4x10
7

400

450

500

550

600

650

700

750

800

W
a
v
e
le

n
g
th

 (
n
m

)

In-plane wave vector (m
-1
)

 0.0

0.2

0.4

0.6

0.8

1.0

1 2 3 4

0 1x10
7

2x10
7

3x10
7

4x10
7

0.0

0.2

0.4

0.6

0.8

1.0

In
te

n
s
ity

 (
a
. u

.)

In-plane wave vector (m
-1
)

Normalized in-plane wave vector
0 0.5 1.0 1.5

1 2 3 4

(c) (d)

60 nm 

77 nm 

30 nm 

140 nm 

Al

Alq3

S-TAD

PEDOT/PSS

ITO

Glass

100 nm

Ca10 nm 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 P

L
 i
n
te

n
s
it
y

Wavelength (nm)

(a) (b)

Intensity
(a. u.)

Figure 5.1: (a) Stack layout of the two-layer green OLED. (b) EL emission spectrum
in bottom direction measured normal to the substrate. (c) Simulation of the total dis-
sipated optical power of the OLED in part (a). The emitter position is assumed at the
interface between Alq3 and S-TAD. The result is shown for an isotropic dipole orien-
tation. Red and yellow areas indicate a high amount of dissipated power. The dashed
white lines divide the graph into four regions: (1) emission into air, (2) emission into
substrate, (3) waveguide modes and (4) coupling to surface plasmons. (d) Cross sec-
tion of (c) at a wavelength of 510 nm, i.e. at the emission maximum. The vertical lines
divide the graph into four regions similar to (c). The upper axis shows the normalized
in-plane wave vector u with respect to propagation in the organic layers and ITO at
a wavelength of 510 nm.

obtained, as presented in Fig. 5.1(c). The graph shows the power radiated from an
oscillating dipole within the OLED plotted in terms of wavelength (i.e. energy) versus
in-plane wave vector kx (i.e. momentum).

Depending on the kx values, the power dissipation spectrum in Fig. 5.1(c) can be
divided into four regions indicating coupling to different optical channels. The coupling
to each channel can also be seen by the cross section at 510 nm displayed in Fig. 5.1(d).

Region (1) corresponds to light that can be emitted directly into air. The line dividing
region (1) and (2) is equal to the air light line which indicates the maximum possible
in-plane wave vector for light traveling in air under 90°. Hence, the in-plane wave vector
of light in region (1) must satisfy the condition 0 ≤ kx ≤ (nair · k0) with k0 = 2π/λ
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5.2 Power dissipation spectra

being the vacuum wave vector at a certain wavelength λ.

The emission into the substrate is located in region (2) and it occurs for higher in-
plane wave vectors (nair · k0) < kx ≤ (nsubstrate · k0). Here, light is totally internally
reflected at the substrate/air interface and thus trapped in the substrate unless it is
extracted by means of an outcoupling structure like a prism or scattering foil.

Similarly, total internal reflection at the interface between ITO and the substrate
leads to trapping of light in region (3). This corresponds to sharp waveguide modes
which are bound to the organic layers and ITO. Generally, more waveguide modes are
supported if the organic layers and ITO have a larger thickness or if layers with a
higher refractive index are implemented. The condition for light in this region is given
by (nsubstrate · k0) < kx ≤ (nITO+organic · k0). It is important to note that the maximum
kx for region (3) is usually not simply defined by the refractive index of the emitting
layer. The reason for this is the small thickness of the layers, hence the near-field of
the emitting dipole will sample the dielectric properties of several adjacent layers25.
Therefore, an “effective” refractive index nITO+organic of the organic layers and ITO is
determined similarly to calculating the capacitance of a plate capacitor with several
dielectric media131.

Finally, region (4) corresponds to light fulfilling kx > (nITO+organic · k0). This con-
dition implies coupling to evanescent modes, i.e. surface plasmons traveling at the
Alq3/cathode interface. It is obvious that a significant fraction of power is lost to
this region as will be discussed in detail in Sec. 5.4. It should be noted that the surface
plasmon dispersion depends on the optical constants of the adjacent organic layers and
shifts to larger kx values if layers with high refractive index are present.

The borders of each region can also be distinguished in terms of a normalized in-
plane wave vector u = kx/(nITO+organic · k0). Then the condition for the occurrence
of evanescent modes simplifies to u > 1. Since nITO+organic and k0 are wavelength de-
pendent, the maximum u for e.g. direct emission changes with wavelength. The critical
value of u above which radiation cannot propagate into air at e.g. 510 nm wavelength
is u = 1/nITO+organic ≈ 0.546 with nITO+organic ≈ 1.83 (cf. Fig. 5.1(d)).

It is instructive to have a closer look at the waveguide modes in region (3). In the
green and red spectral region two waveguide modes exist, in particular the TE0 mode at
higher kx and the TM0 mode at slightly lower kx. In the wavelength region below about
460 nm, the TE1 mode emerges as a third waveguide mode. For higher wavelengths, the
in-plane wave vector of this mode is more and more reduced, hence the propagation angle
decreases until it finally drops below the critical angle of total internal reflection between
ITO and the glass substrate. Since the reflectance below the critical angle gradually
decreases from 1 to lower values, the waveguide mode smoothly transforms into a leaky
mode and thus partially propagates into the substrate as explained in Sec. 3.5. It can
be seen that the mode gets broader and less confined with higher wavelengths, i.e.
decreasing reflectance25. In general, the occurrence of p-polarized substrate modes is
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less probable because the reflectance below the critical angle drops much more rapidly
and approaches zero at Brewster’s angle.

In order to determine the influence of the OLED cavity, the power dissipation spec-
trum can be used to calculate the total relative decay rate Ptot by integrating over all
in-plane wave vectors and wavelengths28:

Ptot =
Γ

Γ0
= (1− q) + q ·

∫ λ2

λ1

S(λ)

∫ ∞
0

P (kx, λ, z) dkx dλ ≡ (1− q) + q · F. (5.2)

In this equation, Γ0 = Γr + Γnr describes the total decay rate in free-space, while
Γ = Γ∗r + Γnr represents the modified total decay rate inside the OLED cavity, which
takes into account that the radiative decay rate is changed by the Purcell factor F ac-
cording to Γ∗r = F · Γr. Thus, the integral of the spectrally weighted power dissipation
directly yields the Purcell factor F . The borders for the integration over wavelengths
are denoted by λ1 and λ2. Typically, the integration is performed from λ1 = 400 nm
to λ2 = 800 nm. S(λ) describes the spectrum used for weighting the power dissipation.
Usually, the photoluminescence spectrum of the emitter is used for S(λ). For the sim-
ulations in Fig. 5.1, the power emitted at each wavelength is weighted with a specific
spectrum in a way that the simulated unpolarized emission in normal direction resem-
bles the measured spectrum of the OLED. However, this particular spectrum used for
the simulations agrees very well with the photoluminescence spectrum of the emitter.
Finally, P (kx, λ, z) is the layer specific power dissipation function depending on the
in-plane wave vector kx, the wavelength λ and the emitter position in the OLED stack
which is denoted by z. In practice, the integral over kx is only carried out up to a fi-
nite cut-off value where the contribution of surface plasmons has decayed to sufficiently
small values (typically 4× 107 m−1 or 4.5× 107 m−1).

By using Eq. (5.2) as well as the definitions of the radiative quantum efficiency q and
the effective radiative quantum efficiency qeff in Eqs. (2.2) and (2.3), respectively, it is
possible to calculate the effective radiative quantum efficiency qeff of the emitter in the
OLED cavity:

qeff =
F · Γr

F · Γr + Γnr
=
q · F · Γ0

Γ
=
q · F
Ptot

=
q · F

(1− q) + q · F
. (5.3)

For F > 1 , the cavity has a positive effect on the radiative decay rate. This corresponds
to Ptot > 1 and qeff > q (or qeff = q for q = 100 %). Thus, the radiative decay rate of
the emitter in the cavity is larger in comparison to the decay rate in free-space. On the
contrary, for F < 1 (i.e. Ptot < 1 and qeff < q), the cavity has a negative effect on the
radiative decay.

It is noteworthy that Fig. 5.1(c) displays the power which the emitting dipole couples
to different optical channels within the OLED stack. However, not all of the light
emitted in region (1) or (2) can ultimately escape from the OLED due to absorption in
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the organic layers as well as due to reflection losses at the interfaces (reflection losses at
the glass/air interface are not taken into account). Therefore, the emitted power that
actually leaves the device in either top or bottom direction is calculated by using the
Fresnel reflection and transmission coefficients. This step is necessary for the comparison
of the angular dependent emission pattern with experimental results, as will be shown
in the next section.

5.3. Angular dependent emission spectra

In the context of an application in displays and general lighting, the angular depen-
dent emission of an OLED plays an important role. In many cases, an approximately
Lambertian emission pattern with a maximum emission in normal direction is desired.
This section shows both the simulated and measured angular emission of the exemplary
fluorescent Alq3 OLED, cf. Fig. 5.1(a). First, the direct emission will be presented.
Afterwards, the effect of an attached outcoupling prism in order to access the substrate
modes will be discussed.
In order to compare the simulation results to angular dependent measurements of the

emission pattern of an OLED, it is necessary to account for the transmission of light
from the organic layers into the substrate and to transform the in-plane wave vector kx
to an emission angle θ in either air or glass. The relation between θ and kx is given by

θ = arcsin

(
kx
n · k0

)
= arcsin

(
kx · λ
2π · n

)
, (5.4)

where n = n(λ) denotes the refractive index of the medium in which the light is ex-
tracted, e.g. air or glass depending on whether the emission with applied macro extractor
or not is investigated. Details concerning the conversion from in-plane wave vector to
angles can be found in the appendix, cf. Sec. A.3.
The simulated angular dependent emission characteristics without applied outcou-

pling structure for s- and p-polarized light are displayed in Figs. 5.2(a) and (b), respec-
tively. The corresponding measurements are displayed in parts (c) and (d) of the figure.
It can be seen that the simulated spectra agree excellently with the measurements.
For both polarizations, the emission has a maximum in normal direction, i.e. at an

angle of 0° to the substrate normal. The angular dependent emission intensity decreases
with increasing angle. The reduction corresponds very well to a Lambertian emission.
The spectral shape is almost constant at each angular step, hence the color of the OLED
is virtually independent of the viewing angle.
A rather simple but nevertheless extremely efficient method to increase the amount

of extracted radiation is the application of an outcoupling structure like a prism or a
scattering foil, thus eliminating the total internal reflection at the air/glass interface.
Consequently, the substrate emission can be extracted and the light emission of the
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Figure 5.2: Simulation and measurement of the spectrally resolved angular depen-
dent emission of the Alq3 OLED. The graphs show the directly emitted light with no
outcoupling structure attached to the OLED. (a) and (b) show the s- and p-polarized
simulations, while (c) and (d) present the s- and p-polarized measurements, respec-
tively. For the measurement, the OLED was mounted on a computer-controlled mo-
torized rotation stage. The emitted light passed through a linear polarizing filter
before it was focused by a collimating lens onto an optical fiber guiding it to a spec-
trometer. A spectrum was recorded from 0° to 90° with a step size of 1°. The edges
of the substrate and encapsulation glass were blackened in order to prevent emission
of guided modes through the edges. The OLED was driven at a constant current of
0.5mA and the required voltage was controlled during the measurement to rule out
degradation effects. At normal emission, the s- and p-polarized emission intensities
are, by definition, equal. Therefore, the measured graphs are normalized to the same
value at 0°. The simulation does not include emission for zero in-plane wave vector,
i.e. at an emission angle of 0°. Hence, both simulated graphs are normalized to the
same value at 1°, i.e. almost normal direction. The difference between emission at 0°
and 1° is usually very small, e.g. below 0.02% in the case of Lambertian emission.

OLED is roughly doubled. Additional details about this technique will be discussed in
Chapter 6.

Figure 5.3 shows the simulated and measured emission for both s- and p-polarization
with a fused silica half cylinder prism attached to the OLED substrate by index-
matching gel. Again, the agreement between simulation and measurement is excellent.
While the p-polarized emission basically looks rather similar to the direct emission in
Fig. 5.2, the s-polarized emission shows a significant contribution of an s-polarized sub-
strate mode with a peak intensity around 70°. At this angle, the substrate emission
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Figure 5.3: Simulation and measurement of the spectrally resolved angular de-
pendent emission of the Alq3 OLED with an attached index-matched fused silica
half cylinder prism. (a) and (b) show the s- and p-polarized simulations, while
(c) and (d) present the s- and p-polarized measurements, respectively. The measured
graphs are normalized to the same value at 0°, where s- and p-polarized emissions
are equal. The simulated graphs are normalized to the same value at 1°, because the
emission at 0° is not calculated.

even has a higher intensity than the direct emission at 0°. As explained above, this
substrate mode results from the TE1 mode which propagates below the critical angle
and leaks into the substrate.

Although fused silica has a slightly lower refractive index than the BK7 glass substrate
and thus is not perfectly matched, the basic principle of substrate mode outcoupling is
clearly observable. However, an even larger fraction of the substrate emission could be
extracted by choosing a prism made of the same material as the substrate.

It should be kept in mind that the angle measured in an experiment with an applied
outcoupling prism is equal to the angle inside the glass substrate because substrate and
prism are index-matched and no refraction takes place at the prism/air interface since
the light always hits the interface at a right incidence angle. In other words, the angular
range from 0° to 90° without attached prism (Fig. 5.2) corresponds to a maximum of
only arcsin(1/nfused silica) ≈ 43° with attached prism (Fig. 5.3) using nfused silica ≈ 1.46.
Therefore, also the p-polarized emission is larger if an outcoupling structure is applied,
even though the increase is considerably lower compared to the s-polarized emission.
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Figure 5.4: Cross section at a wavelength of 510 nm of the s- and p-polarized angular
dependent measurement and simulation of Figs. 5.2 and 5.3. (a) Direct emission into
air. (b) Emission with attached fused silica half cylinder prism.

By applying an outcoupling structure, the emission becomes clearly non-Lambertian.
In addition, it is unfeasible to use large prism extractors for commercial products.
Although the utilization of rather flat large-area scattering foils with microlenses would
solve this problem, the scattering foil prohibits a mirror-like off-state appearance of the
OLED device which is desired for certain applications. Nevertheless, the outcoupling of
substrate emission can be realized rather straightforward, thereby leading to a significant
improvement of efficiency.
For a detailed comparison of experiment and simulation, Fig. 5.4 shows a cross section

at the peak emission wavelength of 510 nm. The agreement in all cases is excellent,
i.e. the measured angular dependent characteristics can be well reproduced by optical
simulations based on the dipole model.
As mentioned previously, the thickness of the Alq3 and S-TAD layers were deter-

mined by comparison to simulations. For this purpose, both layer thicknesses were
varied until the simulated result compared well with the s-polarized measurement with
attached prism because this represents the most characteristic curve. Therefore, it is not
surprising that the s-polarized measurement and simulation with attached prism agree
well for the optimal case of 60 nm Alq3 and 77 nm S-TAD. However, by choosing these
values, excellent agreement is found also for all other combinations of measured and
simulated spectra, i.e. for both polarizations as well as for direct emission or emission
with outcoupling structure.
In order to demonstrate that the thicknesses of the organic layers have a significant

influence on the emission characteristics and that they can be determined precisely by
comparison between simulation and measurement, the s-polarized measurement with
attached prism as well as simulations with varying Alq3 and S-TAD thicknesses are
shown in Fig. 5.5. In both cases, an increase of the thickness shifts the peak of the
substrate emission to larger angles. This can be explained by the fact that a waveguide
mode shifts to a higher kx value, i.e. propagation angle, with increasing thickness of the
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Figure 5.5: (a) Cross section of the s-polarized measurement with attached prism at
a wavelength of 510 nm in comparison to simulations with varying electron transport
layer (Alq3) thickness. The hole transport layer has a constant thickness of 77 nm.
(b) Similar to (a) except for a variation of the hole transport layer (S-TAD) thickness.
Here, the electron transport layer has a fixed thickness of 60 nm.

waveguide structure. Consequently, also the leaky substrate mode is shifted to higher
angles if either the thickness of Alq3 or S-TAD is increased. Considering the magnitude
of the peak at higher angles, a larger Alq3 thickness causes an enhancement whereas
increasing the S-TAD thickness results in a reduction of the peak value. Therefore,
only the combination of 60 nm Alq3 and 77 nm S-TAD can satisfactorily reproduce the
measurement.

The strong influence of a nearby interface, especially of a metallic mirror, can also
be understood in the simple picture that radiation into a particular direction may now
occur via two different paths, i.e. either direct or by reflection from the interface. The
radiation pattern in the far-field is given by the superposition of the fields from both
paths, thereby accounting for their relative phase and amplitude. Thus, this is a classical
interference situation, and the two paths may interfere constructively or destructively
depending on the distance to the mirror25,26. This effect on the emission characteristics
is also important in terms of applications. Sometimes a rather Lambertian emission
might be favorable, whereas a strongly dispersive emission into a certain angular range
could be interesting for other purposes.

Besides changes of the angular dependent emission, also the spectral emission max-
imum can shift by several tens of nanometers due to interference arising from cavity
effects, which are different for each wavelength26. As an additional verification that the
simulation tool works correctly, the spectrum used in the simulation in order to repro-
duce the measured zero degree spectrum was compared to an independently measured
spectrum using a 50 nm thick Alq3 film on glass. The agreement between both spectra
is very good, i.e. they differ by a few nanometers at the most. This also implies that the
measured values of the optical constants are reliable, which is an important requirement
because they have a similar impact on the simulation as the layer thicknesses.
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5 Optical simulations of OLEDs

Further comparisons between other measurements and simulations as well as to data
from literature16,18,53,132 have also validated the accuracy of the program, cf. Refs. [13,
130, 131]. Consequently, it is reasonable to use the simulation program in order to
compute the outcoupling efficiency by integrating the power dissipation spectrum as well
as to optimize the device structure, as will be demonstrated in the following sections.

5.4. Integral power dissipation

For the purpose of optimizing OLEDs by optical simulations it is frequently necessary
to calculate the integral amount of power which is emitted into air or the substrate or
which is coupled to waveguide modes or SPs. This can be achieved by calculating the
fraction of power that is dissipated into different optical modes, as discussed in Sec. 5.2:

Pmode = q ·
∫ λ2

λ1

S(λ)

∫ k2

k1

P (kx, λ, z) dkx dλ. (5.5)

Here, k1 and k2 describe the limits for the integration over the in-plane wave vector.
For instance, in the case of direct emission into air (Pair) the limits are set to k1 = 0 (or
equal to the lowest kx value since kx = 0 is not taken into account in the simulations)
and k2 = nair · k0, with nair = 1 being the refractive index of air and k0 describing the
vacuum wave vector at a given wavelength. It should be noted that k1 and k2 have to
be individually determined for each wavelength. In addition, the transmission through
the OLED stack has to be taken into account by using the Fresnel coefficients for the
hemisphere above and below the emitting layer.
By comparing Eq. (5.5) with Eq. (5.2), it is found that the ratio of Pair to Ptot

represents the combination of the effective radiative quantum efficiency qeff and the
outcoupling factor ηout, i.e.

Pair
Ptot

= qeff · ηout. (5.6)

Neglecting the influence of the cavity on the radiative quantum efficiency of the emitter
by setting q = qeff = 100 %, the outcoupling factor for direct emission into air can be
calculated by

ηout =
Pair
Ptot

. (5.7)

The fraction of power coupled to other optical modes can be calculated in a similar
manner by choosing integration limits in Eq. (5.5) that correspond to a certain mode.
Figure 5.6 shows the simulated result for the green Alq3 OLED obtained by integrat-

ing over all wavelengths and in-plane wave vectors in each of the regions in Fig. 5.1(c).
Additionally, the losses during the transition from the organic layers into the glass
substrate and into air are determined and denoted as absorption losses.
The direct emission amounts to 15.3% of the internally emitted power and thus

agrees with the rough estimation of ηout presented in Sec. 2.5. The other optical modes
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5.4 Integral power dissipation
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Figure 5.6: Fraction of power coupled to different optical channels obtained by inte-
grating each region in the power dissipation spectrum in Fig. 5.1(c). In this diagram,
a radiative quantum efficiency of q = 100 % is assumed. The influence of values of q
below unity are discussed in the text.

amount to 24.3% for the substrate emission, 11.0% for the waveguide modes and 43.7%
of the power is coupled to SPs. The remaining 5.7% are lost due to absorption. It is
noteworthy that the dipole couples significantly more power into the substrate compared
to direct emission for this particular OLED stack. However, since a large fraction of
the substrate emission occurs close to the glass light line, cf. Figs. 5.1(c) and (d), it is
unlikely that all of this power can be extracted even by applying outcoupling structures.
Hence, the detailed distribution of power within each of the regions is also important.
This should be kept in mind if an optimization of OLEDs by means of optical simulations
is desired.
As mentioned above, the cavity also alters the radiative decay rate. Therefore, the

radiative quantum efficiency changes from its intrinsic value q to an effective radiative
quantum efficiency qeff, cf. Eq. (2.3). In reality, Alq3 has a radiative quantum efficiency
of around q = 20 %64,66. Assuming this value in the simulation yields a result of
qeff = 28.8 %, hence an increase by a factor of 1.44 in comparison to the intrinsic
radiative quantum efficiency. Apparently, the radiative rate is significantly enhanced
by the cavity. In other words, the nonradiative losses are reduced from 80% without
cavity effects to only 71.1% in this OLED stack. It is noteworthy that the increase of
quantum efficiency is more rigorous for low values of the radiative quantum efficiency.
If q was close to one anyway, i.e. the nonradiative decay rate was inherently very small,
then the cavity environment could not strongly alter the ratio between radiative and
nonradiative decay, hence the increase in efficiency would be marginal26.
The influence of the cavity on the radiative quantum efficiency is often neglected

in literature, which might lead to wrong conclusions, e.g. in the determination of the
singlet fraction by the analysis of EQE measurements. However, in order to investigate
fundamental changes of the outcoupling efficiency resulting from modifications in the
stack layout, it is reasonable to set q = 100 % for reasons of clarity. Nevertheless, if a
comparison to measurements of a particular emitter system with known q < 100 % is
intended, the actual value of q can be included in the simulation to consider changes of
the radiative quantum efficiency due to specific cavity effects in this system.
Taking into account a radiative quantum efficiency of q = 20 % for Alq3 yields a
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5 Optical simulations of OLEDs

value of qeff · ηout ≈ 4.4 % for directly emitted light. Assuming perfect charge carrier
balance and remembering that Alq3 is a fluorescent emitter, i.e. ηST = 25 %, a total
external quantum efficiency of around ηEQE ≈ 1.1 % is obtained, which is in agreement
with typical values from literature2,133. Clearly, the efficiency could be substantially
increased if losses to waveguide modes and especially SPs could be reduced or if some
of the lost power could be recovered. This will be the major topic of this work and
different strategies as well as the fundamental physics behind each approach will be
investigated in detail.
Because the impact of the cavity environment is particularly influenced by the dis-

tance to the metallic cathode, it should be noted that the emitter position has a dramatic
effect on the efficiency and emission characteristics. This will be demonstrated by a vari-
ation of the distance to the electrodes in the next section. In the case of the exemplary
OLED studied in this chapter, the emitter position was assumed to be at the interface
between Alq3 and S-TAD because Alq3 is a good electron conductor whereas S-TAD
transports holes very well. Therefore, it is expected that electrons and holes recom-
bine close to the interface between both materials. Since the exciton diffusion length is
rather small in most amorphous small molecular organic materials, the emitter position
will be located close to the interface as well. Certainly, the real emission zone will not
be infinitely small as assumed for the simulation. However, this assumption reproduces
the angular dependent emission patterns very well, as was demonstrated in the previous
section.

5.5. Optimization of OLEDs by thickness variations

The real benefit of an optical simulation tool is to study and optimize OLED stacks
without the need for elaborate and time-consuming experiments. In this section, the
exemplary OLED introduced in Sec. 2.7.3 will be investigated in terms of a simultaneous
thickness variation of the electron transport layer (ETL) and hole transport layer (HTL).
This basically corresponds to a variation of the distance between the emitter position
and the interfaces to the metallic mirror and the glass substrate. Thus, the cavity will
be strongly modified, which results in changes of the outcoupling efficiency into air and
into the substrate.
The result in view of the direct emission into air is displayed in Fig. 5.7, which

was simulated monochromatically at a wavelength of 510 nm. It is apparent that the
variation of both the ETL and HTL thicknesses causes an oscillation of the outcoupling
efficiency into air. The explanation for this behavior is similar to the discussion of the
lifetime of an oscillating dipole in dependence of the distance to a mirror16,18,25,26,134,
i.e. there are certain combinations that cause constructive or destructive interference,
respectively. Hence, the distance between adjacent maxima and minima is around
70 nm, i.e. one quarter of (510 nm/n) with n ≈ 1.8. It is important to point out
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Figure 5.7: Fraction of optical power coupled into air in dependence of the electron
and hole transport layer thicknesses. The stack consists of a glass substrate, 140 nm
ITO, 30 nm PEDOT/PSS, varying thicknesses of S-TAD (HTL) and Alq3 (ETL),
10 nm Ca and 100 nm Al. The position of the exemplary OLED stack used in this
work (cf. Fig. 5.1(a)) is marked by a cross in the diagram. The plotted fraction of
power is directly related to the outcoupling efficiency for direct emission into air. The
simulations are performed at a single wavelength of 510 nm, i.e. close to the emission
maximum of Alq3. The ETL and HTL thicknesses are varied in steps of 5 nm and
10 nm, respectively. A radiative quantum efficiency of q = 100 % is assumed.

that the location of the emitter position within the ETL also influences the distance
to the metal and hence has a similar effect on the outcoupling efficiency8,37,60,74,135.
Therefore, a shift of the emission zone, resulting for instance from a different charge
balance depending on the applied voltage, may cause changes in efficiency and emission
characteristics due to the modified cavity environment136.

Obviously, the distance to the metallic cathode causes a stronger oscillation in com-
parison to the distance to the glass substrate. This is a consequence of the fact that
the metal causes a reflection of all incident light, whereas the interface to glass mainly
reflects the fraction of radiation which propagates at an angle above the critical angle
of total internal reflection and thus has a smaller influence on the directly emitted light.

The power emitted into both air and substrate is plotted in Fig. 5.8. Here, the oscilla-
tions are less pronounced and highest coupling occurs for smaller ETL thicknesses. The
reason for this is that the number of waveguide modes increases with higher thickness
of the organic layers. This optical loss channel competes with substrate emission and
therefore reduces the total emission for larger ETL and HTL thicknesses.

It should be stressed that the simulations in Figs. 5.7 and 5.8 were performed for only
one wavelength. Remembering that OLEDs have a broad emission spectrum, the max-
imum values in these graphs will definitely be reduced because they correspond to the
optimal cavity for 510 nm, whereas other wavelengths do not receive best interference
conditions. For instance, considering an optimization of the OLED in terms of out-
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Figure 5.8: Fraction of optical power coupled into air and substrate in dependence
of the electron and hole transport layer thicknesses simulated monochromatically at
a wavelength of 510 nm for the same stack as in Fig. 5.7. The intensity is related
to the outcoupling efficiency for total emission into air and substrate, provided that
the power in the substrate can be completely extracted. The marker indicates the
position of the exemplary OLED stack. In this diagram, again a radiative quantum
efficiency of q = 100 % is used.

coupling efficiency, a maximum direct emission of 26.3% is obtained at ETL and HTL
thicknesses of 210 nm and 10 nm, respectively, if the simulation is performed monochro-
matically. However, if the broad Alq3 emission spectrum is taken into account, this
value is reduced to around 22.4%. Considering the total emission, it is additionally
not possible to extract the substrate emission completely. Hence, the highest value of
53.5% in Fig. 5.8 at ETL and HTL thicknesses of 95 nm and 60 nm, respectively, cannot
be reached in a real device.
Certainly, the simultaneous ETL and HTL thickness variation clearly demonstrates

that the exemplary OLED stack could be further optimized, e.g. by increasing the
ETL thickness so that the emitter is positioned precisely in the first or even second
cavity maximum with respect to the distance to the metallic mirror74,132. Although
the simulation was performed for a particular stack layout, roughly the same behavior
for direct and total emission was shown by Mladenovski et al. for a different OLED
system73.
In addition, an enhancement of ηout could be obtained by varying for instance the

thickness of ITO or by choosing different materials, though this is beyond the scope
of this work. Anyway, it should be kept in mind that changes in the layer thickness
also modify the transport characteristics, and that a balancing of optical and electrical
optimization is required. Moreover, it is unfavorable to use thick layers of materials
having a rather low mobility (for instance Alq3), because this would result in a higher
required voltage and, thus, a lower luminous efficacy.
Aside from the examination of the outcoupling efficiency into air or substrate, it is
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Figure 5.9: Fraction of power coupled to different optical channels for an OLED as
depicted in Fig. 5.1(a) as a function of the electron transport layer (Alq3) thickness
assuming a radiative quantum efficiency of q = 100 %. The dashed white line indicates
an ETL thickness of 60 nm which corresponds to the exemplary OLED, hence the
intensity values are similar to Fig. 5.6. The simulation is performed polychromatically
according to the emission spectrum of Alq3.

also instructive to study the coupling to other optical decay channels like waveguide
modes and surface plasmons as this is important for the discussion of light extraction
techniques. Therefore, Fig. 5.9 shows a polychromatic simulation of the fraction of
power coupled to different optical channels for varying ETL thickness at a fixed HTL
thickness of 77 nm.

The trend for directly emitted light and substrate emission is similar to Figs. 5.7
and 5.8. The thickness of 60 nm in the exemplary Alq3 OLED is close to the first cavity
maximum for direct emission. The oscillations in dependence of the ETL thickness
are clearly observable74,132. As the distance increases, the strength of the oscillations
decreases because the intensity of the dipole radiation field weakens with increasing
distance from the dipole, thus the strength of the reflected field will also be decreased25.

In contrast, power dissipation to waveguide modes and surface plasmons shows a
completely different progression. Coupling to waveguides is very low for small ETL
thicknesses but it is strongly enhanced with increasing thickness. This can be explained
by the increasing number of modes that are supported for larger thicknesses. On the
contrary, coupling to SPs is strongest for a small ETL thickness, i.e. if the emitter
is positioned close to the metallic cathode. This is obvious because SPs are evanes-
cent waves. Therefore, coupling of the near-field of a dipole to SPs is reduced with
increasing distance of the dipole to the metal. It should be noted that the simulation
does not differentiate between coupling to surface plasmons and nonradiative energy
transfer to lossy surface waves, i.e. luminescence quenching at the metal, which espe-
cially dominates for small distances below about 20 nm and significantly reduces the
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5 Optical simulations of OLEDs

efficiency25,26,109.
In conclusion, modifying the cavity environment of the emitting molecules allows

for optimizing the optical properties of an OLED and thus maximizing the outcoupling
efficiency. Nevertheless, coupling to both surface plasmons and waveguide modes causes
combined losses of about 50% of the total available power. Therefore, it is inevitable to
either reduce coupling to these unfavorable loss channels or at least to partially recover
some of the dissipated energy in order to develop highly efficient OLEDs. For this reason,
the next chapter will introduce several promising approaches. Subsequently, some of
these established methods as well as newly developed techniques will be investigated in
detail in the following chapters.
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The strong influence of the cavity environment on the outcoupling efficiency was demon-
strated in the previous chapter. In fact, the rule of thumb for the outcoupling efficiency
into air of ηout = 0.5 ·n−2, cf. Eq. (2.9), can be approximated as ηout = 0.75 ·n−2 in case
of an optimized cavity137. This yields a value of ηout ≈ 23 % assuming a refractive index
n = 1.8 for the organic, and thus agrees well with the simulations shown in Fig. 5.7.

Nevertheless, around 75% of the available power are still lost in a typical OLED de-
vice. Certainly, it is desirable to find ways to further increase the efficiency of OLEDs in
order to facilitate a widespread and energy efficient application. Therefore, this chapter
briefly reviews various reported techniques for enhanced light extraction from OLEDs
in order to provide a background for the following chapters. First, rather established
methods for extracting substrate and waveguide modes as well as for reducing surface
plasmon losses will be presented. Afterwards, microcavity stacks, top-emitting devices
and transparent OLEDs will be introduced as special stack designs which influence
light extraction. Finally, the implementation of high-index substrates will be explained
which – despite being uneconomic due to its high costs – is an excellent approach for
high-efficiency OLEDs.
It should be noted that the particular enhancement factor of ηout reported for each

method will not be specified because the values strongly depend on the detailed stack
architecture, hence the reader is referred to the original literature for more details. An
overview over various methods and the corresponding references can also be found in
Ref. [138].
Furthermore, it is noteworthy that substrate and waveguide modes as well as surface

plasmons show a strong dispersion, therefore most of the methods which extract some
of the power lost into these optical channels will cause a non-Lambertian and polarized
emission as well as color changes with varying viewing angle139. This has to be kept in
mind because these side-effects are often undesired for applications. Hence, it might be
necessary to make further modifications to improve the emission characteristics again.

6.1. Extraction of substrate modes

Probably the most obvious way to enhance the amount of extracted light from an OLED
device is to attach an index-matched outcoupling structure to the bottom side of the
substrate in order to circumvent the total internal reflection at the glass/air interface,
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Figure 6.1: (a) Schematic illustration of substrate mode extraction by a microlens
array. Light paths indicated in red correspond to radiation that would normally not
be able to leave the device due to total internal reflection at the glass/air interface.
Multiple reflections inside the stack reduce the efficiency due to absorption in the
organic layers and in ITO as well as due to reflection losses at the cathode. (b) Concept
of light outcoupling by scattering particles in a film attached to the substrate.

hence getting access to the substrate modes, cf. Fig. 2.7. This method was already
demonstrated in Sec. 5.3 by means of a fused silica half cylinder prism attached to the
glass substrate. Other examples for outcoupling structures include for instance acrylic
truncated pyramids140, glass lenses141 or epoxy lenses135. Although these macro extrac-
tors are frequently used in research reports and have an excellent extraction efficiency,
their size and weight contradict the flatness and low weight of OLED light sources which
are key properties concerning their commercialization.
Therefore, it is desirable to use many small structures next to each other instead of

one macro extractor, as shown in Fig. 6.1(a). Normally, these structures are arranged in
an array and consist for instance of microlenses142–144, micropyramids145,146 or micro-
spheres147,148. A wide variety of transparent materials like plastics, polymers or glass
may be used and the size ranges from a few hundred nanometers147,148 to several hun-
dred micrometers142. The influence of size, shape and refractive index of microlenses
has been studied in detail by Sun and Forrest, cf. Ref. [94]. It should be emphasized that
microstructures can never extract all the light in the substrate because radiation gets
partially reflected at the glass/air interface, cf. Fig. 6.1(a). Besides a certain absorption
arising from propagation through ITO and the organic layers, the reflectance of the
cathode is a limiting factor145. Therefore, highly reflective metals like aluminum or sil-
ver should be used as cathode materials in this case. Especially silver shows an excellent
reflectivity throughout the whole visible spectrum, combined with a high conductivity
and low absorption.
As an alternative method, flat layers containing scattering particles may be applied

to the bottom side of the substrate as illustrated in Fig. 6.1(b). For example, particles
like microspheres or inorganic powder may be dispersed in a polymer matrix and can
be attached to the glass substrate149,150. In addition, the scattering particles may be
composed of a phosphor that is additionally used for down-conversion of blue light to
yellow in order to create a white emission spectrum35,37. Moreover, commercial diffuser
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6.1 Extraction of substrate modes
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Figure 6.2: Principle of outcoupling efficiency enhancement by means of an aerogel
layer close to the emitter. Radiation that enters the aerogel layer is able to finally leave
the device into air because propagation through the glass substrate generates only a
parallel misalignment (and a small fraction of light is reflected at each interface).
Thus, radiation that would usually not be able to escape into air (indicated in red)
can be extracted.

or brightness enhancement films may be used to extract substrate modes12. Finally,
another straightforward method to circumvent reflection at the glass/air interface is
to sandblast the bottom side and the edges of the substrate as reported by Chen and
Kwok151.

It is noteworthy that all of the previously described methods lead to a milky off-
state appearance of the OLED, which might not be desired for certain applications
despite the enhancement in outcoupling efficiency. A completely different way is to
prevent the emitting molecules from coupling to trapped substrate emission at all. It
has been proposed to use an aerogel layer between the organic layers and glass, i.e. in
close proximity to the emitting layer152,153. Aerogels are rather robust materials with
a very low refractive index between about 1.01 and 1.2. Once light travels through
such a layer with low refractive index, it will finally be able to leave the device into
air independent of all layers in between which only cause a parallel shift as depicted in
Fig. 6.2. Consequently, there is no coupling to substrate modes, which was confirmed
by the absence of edge emission152,153. By reducing the thickness of the organic layers,
coupling to waveguides is also suppressed. Ideally, this fraction of power is redistributed,
leading to an enhanced direct emission into air. It should be noted that according to
simulations using the program introduced in the previous chapter, also the opposite
approach seems to be promising, i.e. increasing the thickness of the organic layers and
especially the distance to the cathode, thus strongly reducing power dissipation to
surface plasmons. In this case the direct emission solely competes with waveguide
modes, and a light extraction efficiency far beyond 30% is predicted.

A similar principle forms the basis of an idea published by Smith and Barnes, who
studied the effect of a low index host layer from a theoretical point of view154. If the
emitter is embedded in a low index material, a larger angular range of the emitted
radiation may finally be extracted into air, thus leading to higher ηout. Clearly, it
is a challenging task to find a host layer with low refractive index yet good stability,
conductivity and appropriate energy levels that fit to the emitting guest molecules.
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6.2. Extraction of waveguide modes

By extracting substrate modes, the outcoupling efficiency ηout can probably be raised
to values above 30% or even beyond 40%. Nonetheless, in typical OLEDs a significant
fraction of light is still trapped in either waveguide modes or surface plamons, thus still
representing a major limitation for high external quantum efficiencies. As a matter of
fact, it is highly desirable to reduce dissipation into these loss channels or to recover
some fraction of the lost power.

Substrate modes discussed in the previous section mainly travel through a thick and
usually transparent substrate and only a short distance through absorbing layers, hence
they can even escape through the edges of the OLED155. In contrast, waveguide modes
are bound inside the organic layers and ITO due to total internal reflection at the
interface to glass. This means that they are subject to absorption inside the organic
layers and upon reflection at the cathode. Hence, they have a typical propagation length
of the order of 10 µm due to significant damping156,157. As a consequence, extraction
of waveguide modes has to occur on a much smaller length scale, and it is not possible
to use structures with dimensions of several hundred micrometers.

A very common approach to extract waveguide modes is the use of grating structures
between the substrate and the cathode. These periodic modulations allow for Bragg
scattering of the guided modes, hence changing their propagation direction so that
they might be extracted to air where they give rise to sharp polarized peaks in the
emission spectrum. It should be stressed that the grating must be located in regions
with a large electric field intensity of the waveguide mode157. This issue as well as the
basic principle will be discussed in detail together with experimental results on grating
coupling in Chapter 8.

In general, the grating may be incorporated either directly into the organic layers157

or into a separate photoresist film on the glass substrate156,158. Frequently, these struc-
tures are either stamped or processed by photolithography. However, it has also been
demonstrated that periodic gratings with a period of around 500 nm can be manufac-
tured in a roll-to-roll process159. Furthermore, periodic modulations may be etched
directly into ITO135,160. Yet another approach uses two-dimensional photonic crystal
patterns between glass and ITO161,162. If the period of the modulation could be further
reduced, it is also possible to use self-assembled microarrays on ITO as reported by
Park et al.163.

It is worth mentioning that scattering at gratings causes strong deviations from Lam-
bertian emission. Therefore, Sun and Forrest proposed to use an embedded low index
grid between ITO and organic layers with a period of several µm, which only refracts
the waveguided light without spectral distortion11. Moreover, it is possible to utilize
random gratings with many different periods and no preferred orientation in order to
maintain Lambertian emission without sharp peaks. This was demonstrated by Koo et
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al. using spontaneously formed buckles by deposition of 10 nm aluminum on preheated
substrates and subsequent cooling10.

Similar to the extraction of substrate modes, waveguided light can also be coupled out
by scattering layers incorporated close to the organic layers. Neyts and Nieto analyzed
the influence of such an internal extraction layer by means of optical simulations164. It
was found once again that a highly reflecting cathode is important for the optimization
of the extraction efficiency. Concerning an experimental verification of this technique,
Nakamura and co-workers included a special scattering layer comprising a matrix made
of high-index glass between the substrate and the anode in order to extract waveguide
modes165. In general, high-index materials can be used as a substrate material to
completely inhibit coupling to waveguide modes. This topic will be separately discussed
in Sec. 6.5. Finally, it should be mentioned that also an aerogel layer can reduce
waveguide losses if the thickness of the organic layers and ITO is small enough so that
the number of waveguide modes supported by the stack is reduced152,153. In general,
many described methods are not exclusively limited to a certain optical decay channel.
In contrast, the extraction of waveguide modes also influences the substrate emission
in many cases. Similarly, outcoupling of surface plasmon losses as described in the
following section frequently affects substrate and waveguide modes as well.

6.3. Reduction of surface plasmon losses

In the context of surface plasmons, there are several approaches to either reduce coupling
to SPs or to recover a fraction of the lost power. The easiest method to reduce the
power dissipated into SPs is to simply increase the distance between the emitter and
the cathode, since the coupling takes place via the optical near-field. The increased total
thickness has the drawback that additional waveguide modes are excited so that in many
cases only a shift of plasmon losses to waveguide losses happens without significantly
increasing the overall efficiency, cf. Fig. 5.9 and Ref. [8]. It is also possible to fabricate
completely transparent OLEDs without metallic cathodes so that no SPs are excited
at all. This idea as well as the accompanying advantages and drawbacks are topics of
Sec. 6.4.
Another promising approach to strongly reduce the coupling to SPs is the implemen-

tation of oriented emitters which have their transition dipole moment parallel to the
substrate plane. In this case, the outcoupling efficiency can be enhanced because the
coupling to SPs is significantly reduced. The importance of orientation has long been
known in the context of polymer OLEDs14,135,137. However, there are only few reports
about orientation effects in thin films of small molecular materials measured by spectro-
scopic ellipsometry166,167. Only recently, orientation effects have also been discovered
in doped organic thin films168.

In the present thesis the intentional utilization of horizontally oriented emitters in
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6 Light extraction techniques in OLEDs

small molecule based OLED devices will be presented for the first time. It will be
demonstrated that an outcoupling enhancement of almost 50% is achievable without
any complicated or expensive modifications of the OLED. Moreover, a straightforward
method for the determination of orientation in luminescent organic thin films has been
developed and intensively studied. The results regarding effects of orientation will be
presented in Chapter 11.
Concerning the recovery of SPs, three general methods exist which are based on the

reversed processes of coupling light into SPs, cf. Sec. 4.3. First, near-field coupling used
for extracting SPs utilizes a thin cathode of a few tens of nanometers and an additional
dye-doped index coupled capping layer on the backside of the cathode169. This method
will be explained and studied in detail in Chapter 7.
Second, prism coupling requires a thin metal and an additional capping layer with

higher refractive index than the organic layer170. So far, this method has only been
demonstrated in photoluminescence experiments using thin organic films that fulfill
the Kretschmann configuration, cf. Fig. 4.6(a). It should be noted that all published
reports on the employment of a high-index capping layer did not intend to extract SPs.
Instead, only the modified reflectance and transmittance of a thin metallic cathode by
the capping layer was investigated in order to enhance the emission of top-emitting
OLEDs171–176. In this work, it will be demonstrated by using high-index capping layers
and appropriate outcoupling structures that “high-index coupling” is a very efficient way
of recovering surface plasmons and also waveguide modes. Moreover, this approach is
especially compatible with modern OLED fabrication processes as will be explained in
Chapter 10.
Finally, grating coupling may also be used in order to transform surface plasmons into

free-space radiation similar to the discussion of the outcoupling of waveguide modes.
However, for the extraction of surface plasmons, which are usually bound to the inter-
face between the organic electron transport layer and the metallic cathode, the grating
structure should be located at this particular interface. The principle of this coupling
approach as well as several grating fabrication methods will be discussed in Chapter 8.

6.4. Microcavity devices, top-emitting OLEDs and
transparent OLEDs

It was already mentioned in Chapter 5 that an optical cavity environment has a con-
siderable influence on the radiative decay rate and on the emission characteristics of
emitting molecules placed within the cavity177. A normal bottom-emitting OLED with
an ITO anode already exhibits weak cavity effects174, which was demonstrated by the
thickness variation of the electron and hole transport layers, cf. Fig. 5.7. However, this
effect may be intentionally utilized by inserting a second partially reflecting layer which
causes strong multiple-beam interference effects171. Such a device will be called a mi-
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Figure 6.3: (a) Stack layout of an optical microcavity device consisting of a thick
silver cathode and an additional 26 nm thick silver layer on ITO. The thicknesses of
all layers except the thick silver cathode were varied within a few tens of nanometers
and optimized monochromatically at a wavelength of 510 nm. (b) Fraction of power
coupled to different optical channels assuming a radiative quantum efficiency of q =
100 % and an isotropic emitter orientation.

crocavity OLED. This effect may for instance be used to enhance the direct emission
into air.

An exemplary microcavity stack is depicted in Fig. 6.3(a). Here, the 26 nm thick
silver layer between ITO and S-TAD reflects a certain fraction of the radiation, thus
creating a strong cavity effect. It is important to note that injection layers or doped
transport layers are required in order to use silver for both electrodes. The thin silver
layer also supports surface plasmons traveling at larger in-plane wave vectors. Hence,
the simulation has to be performed for a larger wave vector range. More details about
the simulation of microcavities can be found in the appendix, cf. Sec. A.3.

Figure 6.3(b) clearly demonstrates that the direct emission can be significantly en-
hanced in comparison to Fig. 5.6 owing to a strongly reduced emission into the substrate.
In other words, the presented microcavity redistributes the optical power from one chan-
nel to another. In fact, it was demonstrated by Meerheim et al. that monochromatic
blue, green and red OLEDs using an additional silver layer with a thickness between
18 nm and 23 nm have enhanced light outcoupling in comparison to normal OLEDs178.

The microcavity environment also has an influence on the angular and spectral emis-
sion pattern as depicted in Figs. 6.4(a) and (b) for emission without and with attached
fused silica prism, respectively. Obviously, the emission characteristics significantly
differ from the OLED with normal cavity, cf. Figs. 5.2 and 5.3.

First, it can be observed that the emission is concentrated in an angular cone at
small angles with a maximum in forward direction. This is a result of multiple-beam
interference which enhances the radiation emitted under small angles to the surface
normal for this particular cavity.

Second, the emission spectrum is narrowed in comparison to an OLED with a bare
ITO anode179. This also results from interference effects because the emission into nor-
mal direction was optimized for the peak wavelength which gains constructive interfer-
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Figure 6.4: (a) Simulation of the angularly and spectrally resolved unpolarized di-
rect emission into air from the microcavity OLED shown in Fig. 6.3(a). (b) Unpo-
larized emission into an attached fused silica prism. Both graphs are normalized to
the maximum value in each case. The splitting into two branches for higher angles
results from a different angular dependent behavior for s- and p-polarized emission,
the former changing more with angle in this case.

ence in this direction. Consequently, other wavelengths do not gain optimal interference
or even experience destructive interference, which causes a narrowing of the spectrum.

Finally, the angular dependent emission pattern becomes dispersive, i.e. the emission
peak noticeably shifts to shorter wavelengths with increasing angle, thus causing sub-
stantial deviations from a Lambertian emission profile178–180. In other words, the color
of the OLED changes with viewing angle. This can be understood taking into account
that the optical path length inside the cavity changes with propagation angle. Hence,
the wavelength which gains optimal interference is changed as well, cf. Sec. 3.5. This
is also obvious from the transverse resonance condition in Eq. (3.69) remembering that
k0 = 2π/λ. Hence, an increase of the angle, i.e. smaller cos θm, must be compensated by
a lower wavelength of the mode179. By using dispersive gratings, microlens outcoupling
foils or sandblasted substrates, the viewing angle properties of microcavity OLEDs can
be improved again151,178,181. In general, microcavity devices can also exhibit a high
degree of polarization depending on the actual stack layout180.

The microcavity effects have several consequences for their applicability. First of all,
it is rather inefficient to use a microcavity for white OLEDs because certain regions of
the broad emission spectrum will suffer from destructive interference174. In addition,
the angular dispersive and thus non-Lambertian emission might be undesired for cer-
tain light sources. In contrast, microcavities might be particularly suited for specific
applications in signage, e.g. for traffic lights. Here, a narrow emission spectrum and
strong forward emission are clearly welcome. Of course, the emission pattern can also
be optimized e.g. for maximum substrate emission or for emission into a certain angular
range, which might be interesting for applications like the surface plasmon resonance
sensor presented in Sec. 4.5.

It should be pointed out that all mentioned cavity effects significantly depend on
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6.4 Microcavity devices, top-emitting OLEDs and transparent OLEDs

the reflectivities of both mirrors and thus generally become stronger with increasing
thickness of the additional metal film. On the other hand, a larger metal thickness
decreases the transmission through the layer and thus a smaller fraction of the generated
radiation is able to leave the device. Furthermore, the emission enhancement is reduced
or even becomes negative, if the device shows high absorption losses as demonstrated
for example by Lin et al., who modeled microcavities in dependence of the absorption
of the semitransparent mirror174.

Moreover, the cavity strongly influences the radiative decay rate as discussed in
Secs. 5.1 and 5.4. In particular, the cavity can have a positive effect on rather small
values of the radiative quantum efficiency. Assuming for instance a value of q = 20 %

in the example shown in Fig. 6.3, the effective radiative quantum efficiency becomes
qeff = 39 % and thus is almost doubled.

The concept of optical microcavities is especially important for top-emitting OLEDs.
These devices often comprise a highly reflecting anode and a semitransparent metallic
cathode which is frequently made of silver or a combination of silver and aluminum.
Such a cathode often has a thickness between about 15 nm and 25 nm173–176,182. Inher-
ently, such a stack represents a strong microcavity171. By using a capping layer, the
reflectance and transmittance of the semitransparent mirror can be modified in order
to optimize the outcoupling efficiency or the direction of emission. Such a capping layer
can be made for instance of C60 and other transparent organic materials173,182, or by
using ZnSe, TeO2 and other inorganic materials76,171,172,174–176.

If the thick metallic anode is for instance replaced by a combination of ITO and a thin
metallic film, it is possible to create a microcavity structure with two semitransparent
electrodes91. Thus, radiation is emitted through both sides of the OLED, and the ratio
between bottom and top emission can be tuned by an adjustment of the thicknesses of
the metals used for the anode and the cathode side91.

Moreover, an almost completely transparent OLED may be designed by employing
ITO both on the anode and the cathode side183. However, the organic layers are usually
damaged upon sputter deposition of ITO on top of the device93. Hence, a buffer layer is
required as protection. For example, it was demonstrated by Meyer et al. that tungsten
oxide may be used as buffer layer183. Depending on the thickness of this layer, the ratio
between top and bottom emission changes13,131. Certainly, transparent OLEDs are
particularly interesting for some applications like windows, room dividers or certain
signage applications. However, an OLED light source intended for the use in general
lighting will most probably be attached to a wall or to the ceiling. In this case, a device
with one reflecting electrode might be the best choice.

It is noteworthy that a transparent OLED without metallic cathodes by nature rep-
resents an optimal method for significantly reducing power dissipation into surface plas-
mons. Nevertheless, the coupling to waveguide modes usually is much stronger because
a device with two ITO electrodes is thicker and thus supports more guided modes.
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Figure 6.5: Fraction of power coupled to different optical channels in dependence of
the electron transport layer (Alq3) thickness for an OLED as depicted in Fig. 2.11(a)
but with a high-index substrate (NSF6). The simulation is performed polychromati-
cally according to the emission spectrum of Alq3, and a radiative quantum efficiency
of q = 100 % as well as an isotropic emitter orientation are assumed.

Therefore, often only a redistribution from surface plasmons to waveguided modes oc-
curs without remarkably changing the overall efficiency13,131.

6.5. High-index substrates

One of the most efficient methods regarding the outcoupling enhancement is the appli-
cation of high-index substrates combined with appropriate outcoupling structures. By
using high-index substrates with a refractive index of around 1.8, total internal reflec-
tion between the substrate and the organic layers and ITO can be eliminated almost
completely, hence preventing any coupling to waveguide modes135,141,145,155. The basic
idea dates back to the year 2000 when Madigan and co-workers used polycarbonate
substrates with a refractive index of n = 1.59 and a molded epoxy outcoupling lens to
reduce the radiation which is waveguided in the organic layers and ITO141. Clearly, a
refractive index of 1.59 is not high enough to prohibit all waveguides, nevertheless the
outcoupling efficiency was considerably enhanced.

In order to study the influence of high-index substrates, the variation of the electron
transport layer which was shown in Fig. 5.9 is repeated with just one modification.
Instead of a substrate made of BK7 glass, it is assumed that the substrate is made of
NSF6 (or similarly SF6). This glass has a refractive index around 1.8 and therefore is
quite comparable to typical refractive indices of organic layers and ITO, cf. the optical
constants in the appendix. The result of the ETL variation is depicted in Fig. 6.5.

It can be seen that absorption is slightly higher in comparison to the same stack
on BK7 glass, cf. Fig. 5.9, but absorption could be reduced for instance by employing
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6.5 High-index substrates

a thinner ITO layer145. The contribution to direct emission and surface plasmons is
almost unchanged in comparison to the variation with normal BK7 glass substrate. On
the other hand, there is hardly any power dissipated into sharp waveguide modes when
a high-index substrate is utilized. Instead, the power is redistributed and emitted into
the high-index substrate. In addition, by increasing the distance to the cathode, the
power dissipation to surface plasmons can be considerably decreased145. Normally, this
power would to a large extent be reallocated to waveguide modes. Since this optical
channel is circumvented owing to the high-index glass, the power is redistributed into
substrate emission. From there the radiation may be extracted by using one of the
methods described in Sec. 6.1 for the outcoupling of substrate modes. Alternatively, it
is possible to include scattering particles into the high-index material165. Altogether,
highly efficient OLEDs with almost no power dissipation into undesired optical channels
and hence an outcoupling efficiency ηout well above 50% can be achieved.

It has already been reported that OLEDs can reach record efficiencies by means of
high-index substrates. Mladenovski et al. demonstrated an external quantum efficiency
of 42% and a luminous efficacy of 183 lm/W for green phosphorescent OLEDs with
thick doped ETL on sapphire substrates (n = 1.8) using an index-matched half-sphere
lens73. Moreover, white OLEDs reaching fluorescent tube efficiencies on a high-index
glass (n = 1.78) were presented by Reineke and co-workers9, though the color is shifted
somewhat into the green part of the color space. By using periodic outcoupling struc-
tures, they obtained values of 34% and 90 lm/W for the external quantum efficiency
and luminous efficacy, respectively.
Despite the rather easy application of high-index substrates to OLEDs and the enor-

mous efficiency demonstrated in different laboratories, this method significantly in-
creases production costs. Not only sapphire substrates but also other presently available
materials with a refractive index of about 1.8 are too expensive in order to be applied for
large area OLED light sources, so that this approach will probably not be economically
advantageous for applications in general lighting4.

To summarize, many interesting approaches have been demonstrated in literature in
order to enhance light extraction and to increase the overall efficiency of OLEDs. Nev-
ertheless, none of the described techniques can solve all challenges from an optical point
of view. Either a method is inapplicable for white OLEDs (microcavities), undesired
for many common applications (transparent OLEDs) or simply economically unfeasible
(high-index substrates). Thus, the following chapters will introduce several interesting
novel approaches for enhanced outcoupling that are in particular compatible with com-
mon fabrication methods and applicable to a wide range of OLEDs. Moreover, some
existing methods will be investigated in detail in order to gain a deeper understanding
of the underlying fundamental physics, which is a key requirement in order to improve
these techniques and to create completely new ways for enhancing light extraction and
for realizing energy efficient OLEDs.
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7. Near-field coupling

This chapter describes the near-field coupling (or index coupling) approach, which uti-
lizes a thin metal film and adjacent media with comparable refractive indices as well
as appropriate dye doping on both sides of the metal169. By using such a stack layout,
it is possible to utilize the power, which was dissipated by donor molecules to SPs, in
order to excite an acceptor dye and hence to recover some of the SP losses184,185.
First, modifications of the dispersion of SPs propagating at the interface to films

having a finite thickness will be discussed by means of optical simulations. An effective
SP index will be introduced to simplify the picture. Afterwards, the basic principle
of near-field coupling will be explained along with the material requirements. Subse-
quently, PL experiments with a variation of the metal film thickness will be presented
and the energy transfer will be verified by measurements of the excited state lifetime of
the investigated dyes. Finally, an estimation of the extraction efficiency will be given
and ideas for further improvements will be discussed.

7.1. Surface plasmon dispersion in thin films

The surface plasmon dispersion in Eq. (4.15) is strictly valid only for semi-infinite layers.
In order to study coupling to SPs and a possible recovery of SP losses it is necessary to
understand the modifications that arise from layers with a finite thickness.
The simplest modification is a combination of a semi-infinite silver layer and a finite

Alq3 or polymethylmethacrylate (PMMA) film bounded by air, cf. Fig. 7.1(a). In this
case, the evanescent SP field penetrates through the dielectric film into air. Hence, the
SP dispersion depends on the actual thickness of the dielectric layer104 and cannot be
correctly computed by Eq. (4.15), which is only valid for semi-infinite layers. On the
other hand, by using optical simulations based on the dipole model, the SP dispersion
can be accurately calculated for finite Alq3 or PMMA layers. An example of the total
power dissipation for a 43 nm thick Alq3 film is depicted in Fig. 7.1(b), demonstrating
strong coupling to SPs due to the small distance between the emitter and the Ag layer.
From the cross sections in Fig. 7.1(c) it is obvious that the SP dispersion is close

to the case of a silver/air interface if the Alq3 layer is very thin. On the other hand,
the peak of the SP dispersion shifts to larger in-plane wave vectors with increasing
Alq3 thickness because a smaller part of the SP field penetrates into air. For an Alq3

thickness of 100 nm, the dispersion is already close to that of a semi-infinite Alq3 layer.
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Figure 7.1: (a) Device layout for the investigation of the SP dispersion as a function
of the thickness of a finite Alq3 or PMMA film adjacent to a semi-infinite silver layer.
The total thickness of Alq3 or PMMA is varied between 5 nm and 200 nm. The red
dashed line represents the emitter position which is located at a distance of 5 nm
from the interface to silver. Instead of a finite Alq3/PMMA layer surrounded by air,
an almost similar SP dispersion may be obtained by assuming a homogeneous semi-
infinite layer with a refractive index nSP (“effective SP index”). (b) Total optical power
dissipation for a 43 nm thick Alq3 film. (c) Cross section of the power dissipation at a
wavelength of 510 nm for three Alq3 film thicknesses. Each cross section is normalized
taking into account the appropriate cavity effects. For a 100 nm thick Alq3 film
a waveguide mode emerges at kx ≈ 1.4 × 107 m−1. The dashed lines indicate the
maximum of the SP dispersion at a bulk silver film adjacent to semi-infinite air and
Alq3, respectively. (d) Effective SP index nSP derived from the kx peak position as
a function of the Alq3 and PMMA thickness. The dashed lines correspond to the
refractive indices of bulk Alq3 and PMMA, respectively.

In order to simplify the further discussion, an effective SP index nSP is introduced by
assuming a homogeneous semi-infinite medium with refractive index nSP instead of the
combination of a finite Alq3 or PMMA film bounded by air, cf. Fig. 7.1(a). In other
words, nSP can be understood as a combined refractive index of Alq3 and air. The
effective SP index is calculated by inserting the simulated kx peak position of the SP
dispersion for each Alq3 or PMMA thickness at a wavelength of 510 nm into Eq. (4.15).
Since the permittivity of bulk silver is known, it is possible to compute nSP = (εSP)1/2.
The result is plotted in Fig. 7.1(d). Again, it is apparent that nSP is close to unity for
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Figure 7.2: (a) Stack structure for the analysis of the SP dispersion as a function of
the thickness of a finite Alq3 film similar to Fig. 7.1(a), except that the silver layer
has a finite thickness of 40 nm in this case, hence allowing for coupling to SPs at both
silver interfaces. (b) Total optical power dissipation showing two SP branches for a
43 nm thick Alq3 film. (C) Cross section of the power dissipation at a wavelength of
510 nm for three Alq3 film thicknesses. The dashed lines indicate the maximum of
the SP dispersion at a bulk silver film adjacent to semi-infinite air, glass and Alq3,
respectively. (d) Effective SP indices nSP1 and nSP2 calculated for the kx values of the
two SP peaks at a wavelength of 510 nm using Eq. (4.15), assuming a homogeneous
semi-infinite medium instead of a finite Alq3 film bounded by air. The dashed plot
represents the curve from Fig. 7.1(d) in the case of Alq3.

small Alq3 or PMMA thicknesses because the SPs mainly sense the air environment.
For larger thicknesses, nSP approaches the corresponding value of a bulk film. It is
noteworthy that the curve for the Alq3 film converges slightly faster than in the case
of PMMA. This can be explained by the fact that the SP skin depth is smaller for a
dielectric medium with higher refractive index, cf. Eq. (4.27). Therefore, the SP field
penetrates to a larger extent into air in case of a PMMA film of a certain thickness in
comparison to Alq3.
If also the silver thickness is finite and bounded by a glass substrate as illustrated

in Fig. 7.2(a), the situation becomes more complicated because there are two silver
interfaces that can basically sustain a bound SP mode97. Consequently, two distinct
SP branches can be seen in the power dissipation shown in Fig. 7.2(b) for the case of a
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43 nm thick Alq3 film.

For varying Alq3 thicknesses, one could expect that the glass/silver SPs have a rather
fixed kx position because this side of the Ag is unchanged. In contrast, the SP on the
silver/Alq3 side should depend on the actual Alq3 thickness as discussed above. How-
ever, this picture is only partially true as illustrated by the cross sections in Fig. 7.2(c).
For small and large Alq3 thicknesses, respectively, the two SP branches have a kx value
as expected, and it is reasonable to assign each branch to a certain interface. Interest-
ingly, coupling to the SPs at the bottom Ag side is significantly stronger compared to
SPs at the top side because the field of the emitting dipole has to penetrate through
the silver in order to excite SPs at the top Ag side186,187.

However, for an intermediate Alq3 thickness, it is no more obvious to relate each SP
dispersion to a specific Ag side188. It is also noteworthy that no overlap or intersection
of the two branches occurs, i.e. the two SP branches show an anti-crossing behavior.
The reason for this is that interactions between SPs on both Ag sides give rise to
coupled modes97,188. This phenomenon can be understood by analyzing the effective
SP index shown in Fig. 7.2(d). For small Alq3 thicknesses, one SP branch originates
at nSP1 ≈ nair while the other is located at nSP2 ≈ nglass with nair and nglass being the
refractive indices of air and glass, respectively. With increasing Alq3 thickness, both
nSP1 and nSP2 increase until they reach a value of nSP1 ≈ nglass and nSP2 ≈ nAlq3 for
an Alq3 thickness larger than approximately 100 nm, with nAlq3 corresponding to the
refractive index of bulk Alq3. Thus, it seems that the two SP branches changed their
position on the two sides of the Ag layer.

In fact, it is no more possible to distinguish between both SP branches for intermediate
Alq3 thicknesses. The combined refractive index of Alq3 and air on the top side becomes
almost identical to that of glass, hence both SPs have a similar dispersion. Since their
fields penetrate through the finite silver layer106, the SPs interact and exchange energy
so that the coupling strength to SPs on both Ag sides is comparable, which can be seen
in Fig. 7.2(c). This effect is known as surface plasmon coupling.

In detail, the dispersion relation of SPs splits into two modes of opposite parity
in the case of a thin metal film which is bounded by two layers having equal optical
constants97,104,106,169. The odd mode has an asymmetric distribution of the electric
field component in the propagation direction and a higher frequency (or smaller kx
value) in comparison to the even mode. The former is also known as long range surface
plasmon mode because the confinement to the metal film is reduced and, consequently,
the propagation length is increased. A detailed discussion of coupled SP modes is given
in Ref. [97].

It should be pointed out that it is not required to have exactly the same optical
constants on both sides of the metal because the SPs have a finite width and thus
coupling is allowed even for small differences in their dispersion.

Naturally, also the Ag thickness has a strong influence on the coupled modes, as will
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Figure 7.3: Schematic drawing illustrating the near-field coupling method. Surface
plasmons are excited by a donor dye and couple to SPs at the opposite silver interface
where they excite an acceptor which is positioned within the near-field of the SPs.
Thus, some of the power which was coupled by the donor to SPs is recovered.

be discussed in more detail in Sec. 9.3.4. In general, the separation of the two SP modes
is stronger when the Ag thickness is reduced, i.e. when the Ag film loses more and more
of its bulk nature and the interaction between SPs on both sides increases189.
It should be noted that the bulk permittivity of Ag was used to calculate the effective

SP index from the simulated dispersion in Fig. 7.2(d). Actually, this is not absolutely
correct as can be seen by the fact that nSP1 and nSP2 do not converge to the bulk value
of Alq3 and glass. Nevertheless, this simplified picture of an effective SP index is a
descriptive way to visualize the phenomena of SPs propagating at thin films.

7.2. Basic principle

In order to use coupled SPs to transfer energy from one silver interface to the opposite
side, it is necessary to have media with comparable optical constants on both sides of
the silver layer. As discussed in the previous section for the general case of a stack with
two different adjacent media like glass/silver/Alq3, the thickness of the Alq3 layer must
be chosen carefully in order to obtain an effective SP index on the bottom side which
matches the refractive index of glass.
By choosing a more specific stack layout with similar materials on both sides of the

metal, the coupling condition can be fulfilled for a wide range of thicknesses. Andrew
and Barnes proposed to use two PMMA layers169. The basic principle is illustrated
in Fig. 7.3. The bottom PMMA layer is doped with a green dye and excited by a
laser. While some part of the photoluminescence signal is directly emitted in bottom
direction, a considerable amount of power is dissipated to SPs at the bottom Ag interface
via optical near-field coupling. Since there is also a PMMA capping layer on the top side
of the Ag layer, the dispersion relation for SPs at both Ag interfaces is almost similar.
Since the fields of the SPs penetrate through the finite silver layer, SPs traveling at the
bottom side may couple with SPs at the top interface, thus enabling an exchange of
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energy between both SP modes. The upper PMMA layer is doped with a red dye whose
absorption should match the emission of the green dye. Therefore, the red dye molecules
can be excited by SPs because the evanescent SP field penetrates into the PMMA layer.
Altogether, some part of the energy lost to SPs by the green donor is recovered and
used to excite the red acceptor dye inside the PMMA capping layer, which results in
emission of red light into the top hemisphere.
The described technique is often called index coupling according to the requirement

of identical refractive indices on both sides of the metal184,187. However, to avoid
confusion with the high-index coupling method described in Chapter 10, the method
will be referred to as near-field coupling because it makes use of the overlap of the
evanescent fields of the SPs with the near-field of the oscillating dipole emitter.
The refractive index on the bottom side nearly corresponds to the bulk value of

PMMA because the glass substrate adjacent to PMMA has almost the same refractive
index, cf. Sec. A.2 in the appendix. In order to have comparable optical constants on
both Ag sides, i.e. SPs traveling at both Ag interfaces have a similar dispersion, the
upper PMMA layer must be sufficiently thick to ensure that the SPs mainly sense the
PMMA without penetrating too much into the surrounding air. According to the general
findings in Figs. 7.1(d) and 7.2(d), the bulk value for the SP dispersion is approached for
a thickness of the order of 100 nm. However, care must be taken so that no waveguides
are supported by the upper PMMA layer. This should be avoided because coupling
of acceptor molecules to waveguide modes would reduce the desired emission into air.
Therefore, a thickness of 90 nm was chosen as optimal trade-off so that the effective SP
index is as large as possible but still no significant coupling to waveguides takes place.

7.3. Material requirements and experimental setup

In order to determine the fraction of power that can be recovered by near-field coupling,
it is necessary to use appropriate materials. Alq3 doped at 10wt% into a 90 nm thick
PMMA layer (Sigma-Aldrich, Mw = 996.000) is used as donor on the bottom side of a
Ag layer. The acceptor layer on the top Ag side consists of Lumogen Red (LR, BASF)
doped at 2wt% into a 90 nm thick PMMA layer. The doping concentrations are chosen
such that the refractive index of PMMA is not altered too much and the value of neat
PMMA can be assumed.
Samples were fabricated on cleaned glass microscope slides. The dye-doped PMMA

layers were spin cast from a solution with 1.2wt% PMMA dissolved in a mixture of
chloroform and toluene. Alq3 can be well dissolved in chloroform, but this solvent
alone would result in a rippled PMMA surface. The Ag layers were fabricated by
electron beam evaporation in a vacuum between 10−6 and 10−7 mbar, the thicknesses
were determined by profilometry (Veeco Dektak). No encapsulation is required because
the bottom PMMA layer is protected by the layers above and the upper PMMA layer
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Figure 7.4: Absorption and PL emission spectra of Alq3 and Lumogen Red doped
at 5wt% into PMMA. Although the concentration differs from the value which was
actually used in the experiments, the basic optical properties of Alq3 and Lumogen
Red can be deduced. Absorption was measured with a UV-Vis spectrophotometer
(Varian Cary 50). The black dashed line at 375 nm indicates the wavelength of the
excitation laser. This laser is also repsonsible for the small peaks in the fluorescence
spectra around 400 nm. In later measurements this secondary emission is cut off by
an additional 375 nm band-pass filter.

only absorbs a small fraction of the incident laser beam and therefore suffers less from
photodegradation.

Figure 7.4 demonstrates that the emission spectrum of Alq3 is in a similar wavelength
range as the absorption spectrum of LR. This is an inevitable precondition for the near-
field coupling method because the SPs which are excited by the green donor dye have the
same energy as Alq3 and thus a similar spectral distribution. In addition, the emission
spectra are clearly separated so that it is possible to distinguish emission arising from
Alq3 and LR. Furthermore, the excited state lifetime of Alq3 is larger than that of LR
which will be used to verify the energy transfer from the green donor to the red acceptor.

The experimental setup for investigating the near-field coupling approach is illustrated
in Fig. 7.5. A 375 nm continuous wave (cw) laser diode incident from the substrate side
under 45° was used to excite the donor Alq3 molecules. Alq3 excites SPs at the interface
to Ag and the SPs can couple to SPs on the other Ag side. There, SPs can in turn
excite the acceptor dye LR. The sample was aligned perpendicular to the collimating
lens and no polarizer was used in this case because the emission from LR is expected
to be unpolarized.
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Figure 7.5: Experimental setup (top view) for studying the near-field coupling
method. A 375 nm continuous wave laser diode is used to excite the green donor
Alq3. The emission intensity of the sample is measured on the acceptor side of the
silver layer in a direction normal to the surface.

7.4. Results

7.4.1. Variation of silver thickness

Besides the excitation of LR through SPs, the 375 nm cw laser beam will be partially
transmitted through the Ag layer and directly excite the red dye, although the materials
were chosen such that Alq3 has a high absorption and LR has a minimum absorption
at this wavelength, cf. Fig. 7.4. In addition, some emission of Alq3 will penetrate
through the Ag layer and will thus be emitted into top direction or will be reabsorbed
by LR molecules. For a conclusive analysis, it is necessary to distinguish between all
contributions to the total emission. Therefore, three different samples were prepared
for a certain silver thickness, as shown in Fig. 7.6(c).
Samples of type A consist of an Alq3 doped PMMA layer at the bottom Ag side

while the top capping layer is undoped. These samples were used to determine the
fraction of Alq3 emission that penetrates through the Ag film and is measured in top
direction, as shown by the green curves in Figs. 7.6(a,b,d,e,f) for a range of different Ag
thicknesses. This direct donor emission corresponds to the intensity that is obtained
without recovery of SP losses. The integral value from 435 nm to 750 nm is denoted by
ID as displayed in Fig. 7.6(d).
The doping in samples of type B is inverted, i.e. the bottom layer is undoped and the

top PMMA layer is doped with LR. The measured intensity of this sample represents
the intensity of LR emission that follows from direct excitation by the laser. This direct
acceptor emission is plotted as red curves and the integral value is referred to as IA.
Finally, samples of type C contain dye-doped PMMA layers on both sides of Ag and
the emission is shown as black curves. The integral intensity obtained from both the
donor and acceptor in samples C is denoted by IDA.
Apparently, the acceptor emission is significantly enhanced in the case of samples C
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Figure 7.6: (a,b,d,e,f) Spectrally resolved emission intensity for samples with silver
thicknesses of 28 nm, 48 nm, 67 nm, 77 nm and 96 nm, respectively. The green dot-
ted lines correspond to samples which contain only the donor Alq3 and no acceptor
molecules, cf. sample A in part (c) of the figure. On the contrary, sample B has
only the acceptor Lumogen Red (LR), and the corresponding emission is plotted as
dashed red curves. The emission of samples C which include both donor and ac-
ceptor dyes is shown as black solid lines. Each measurement was performed at four
different positions on the sample with subsequent averaging. Integrating over the
emission spectrum of samples A, B, and C yields the integral values ID, IA, and IDA,
respectively.
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Ag thickness Donor-only Acceptor-
only

Donor and
acceptor

Transferred
energy

(nm) ID IA IDA IT

28 100.0 68.7 183.4 14.6
38 66.8 51.2 142.5 24.5
48 34.2 31.6 103.4 37.7
55 16.3 19.8 69.1 33.0
67 8.7 13.9 50.0 27.4
77 5.2 6.8 25.5 13.5
88 2.8 3.7 13.2 6.7
96 1.8 1.9 6.3 2.6

Table 7.1: Total intensities obtained by integrating over the emission of samples A
(donor-only), samples B (acceptor-only) and samples C (donor and acceptor) from
435 nm to 750 nm for eight different Ag thicknesses. The additional energy transferred
via near-field coupling is denoted by IT = IDA − ID − IA. The intensity ID at a Ag
thickness of 28 nm was set to 100 and all other values were normalized accordingly
and rounded to one decimal place.

due to energy transfer from Alq3 to LR mediated by coupled SP modes, i.e. emission
that is obtained by recovering SP losses. The additionally transferred energy is defined
as IT = IDA− ID− IA, i.e. the intensity obtained from samples C minus the intensity of
samples A and B for each Ag thickness. Andrew and Barnes subtracted only a certain
fraction of ID to account for the decrease in donor emission intensity in samples of
type C in comparison to donor-only samples169. Here, this effect can be seen to some
extent for the samples with 48 nm thick Ag, cf. Fig. 7.6(b). However, even for the
samples with 48 nm thick Ag the decrease is significantly smaller in comparison to the
measurements of Andrew and Barnes who used a different acceptor material and other
dopant concentrations169, hence this effect can be neglected here.

The integral intensities for samples with eight different Ag thicknesses between 28 nm
and 96 nm are listed in Table 7.1. Although the absolute values of ID, IA and IDA

decrease with increasing Ag thickness, the transferred energy by means of SP coupling
has the highest value for intermediate Ag thicknesses. The dependence on Ag thickness
basically agrees with the values obtained by Andrew and Barnes using a slightly different
stack design169.

In general, the energy transfer mediated by SPs is governed by two effects that depend
on the Ag thickness in opposite ways. First, coupling of the green donor to SPs is
enhanced with increasing thickness. Second, transmission of SPs through the silver is
reduced with increasing Ag thickness as is obvious from the thickness dependence of
the direct donor emission in Table 7.1. Altogether, there is an optimal value where the
excitation of SPs from the donor is strong but still a considerable fraction of SPs is able
to couple to SPs on the other Ag side and in turn excite the red acceptor.
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Figure 7.7: (a) Ratio of additionally transferred intensity IT to donor intensity ID.
(b) Fraction of IT to the total intensity IDA of samples containing both donors and
acceptors.

The dependence on the silver thickness is also obvious in Fig. 7.7(a) which shows
the ratio of additionally transferred intensity IT to donor intensity ID. In the case
of a silver thickness of 67 nm the additional emission IT is more than three times as
intense as the direct donor emission ID. In other words, the emission in top direction is
increased to the fourfold intensity by recovering SP losses if the direct laser excitation
of the acceptor is disregarded as would be the case in an electrically driven OLED.
Figure 7.7(b) shows the fraction of transferred intensity IT to the overall intensity IDA
of the samples containing both donor and acceptor molecules. For the optimal Ag
thickness of 67 nm around 55% of the total intensity in top direction is obtained by
recovering SP losses.
It is remarkable that energy transfer between donor and acceptor occurs over a dis-

tance of more than 90 nm. This distance is considerably longer than in other transfer
mechanisms like Dexter transfer (based on wave-function overlap with a range of ap-
proximately 1 nm) or Förster transfer (dipole-dipole interaction with a range of the
order of 10 nm)105,169.
It should also be emphasized that the ratio between green donor and red acceptor

emission in samples of type C changes depending on the Ag thickness, as can be seen
in Fig. 7.6. As a consequence, this provides a certain color tunability of the emission in
top direction189.

7.4.2. Measurement of excited state lifetime

In order to verify energy transfer from Alq3 to LR, the lifetime of the excited dye
molecules was determined by a streak camera system (Hamamatsu Photonics K.K.).
For that purpose, samples with a silver thickness of 67 nm were excited by a pulsed
nitrogen laser (MNL 200, LTB Lasertechnik Berlin GmbH, 20 Hz repetition rate and
1.2 ns pulse length) coupled with a dye in an automated tuning module so that an
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excitation wavelength of 375 nm similar to the experiments above was obtained. The
time dependent spectral intensities are plotted in Fig. 7.8.

The measurements in part (a) and (c) of the figure show the lifetime of Alq3 and LR
molecules doped into PMMA next to a 67 nm thick silver layer, respectively, without
any energy transfer effects. Obviously, the lifetime of LR is very short in comparison
to Alq3 in these samples. On the contrary, the measurement in Fig. 7.8(e) with SP
mediated energy transfer clearly shows a long lifetime component in the spectral region
dominated by acceptor emission. Moreover, the spectra which were derived from the
measurement with the streak camera system are plotted in Figs. 7.8(b,d,f). It can be
seen that the spectra plotted in Fig. 7.6(d) are well reproduced here with a different
experimental setup which was used for lifetime measurements.

For a more detailed analysis, the time dependent spectral intensities are integrated
over a certain wavelength range and displayed in Fig. 7.9. Integrating the intensities for
the donor-only sample between 460 nm and 660 nm and performing a monoexponential
fit yields a decay lifetime for Alq3 in PMMA of 14.8 ns. This value is very close to
the result of 14.7 ns obtained by Andrew and Barnes with a lower Alq3 concentration
and a thinner PMMA layer169. For LR in the sample of type B a very short lifetime
of 3.3 ns is found by integrating from 565 nm to 700 nm and using a monoexponential
fit. It should be pointed out that the emission within the donor or acceptor layer arises
from molecules with varying distances to the Ag interface, hence having different decay
rates and lifetimes. Nevertheless, the intensity decay over time can be fitted reasonably
well with a monoexponential fit.

As a result, LR decays significantly faster in comparison to Alq3. On the other hand,
if energy is transferred from Alq3 to LR, it is expected that LR will also exhibit a long
lifetime component of the order of the Alq3 lifetime (if the transfer process mediated
by SPs is assumed to occur on a much shorter timescale than the decay of both LR
and Alq3). The decay of sample C is integrated only between 600 nm and 700 nm in
order to ensure that the emission intensity originates from LR and not from Alq3. The
result is plotted as black curve in Fig. 7.9. It is evident that LR does not decay with a
lifetime of 3.3 ns in this case. Instead, the lifetime can be adequately fitted by assuming
a biexponential decay with lifetimes of 3.3 ns and 14.8 ns. This can only be explained if
LR is excited by the comparatively slowly decaying Alq3. From Fig. 7.6 it can be seen
that the direct emission of Alq3 through the Ag layer is much too small in order to cause
such a strong red acceptor emission. In addition, by comparing samples A and C it is
apparent that there is almost no reduction in the Alq3 emission intensity if LR is doped
into PMMA so that the reabsorption of Alq3 emission cannot be responsible for the
excitation of LR. Consequently, it is very likely that the red acceptor is excited by SPs,
which in turn were excited by green donor emission169,190. Therefore, the investigation
of excited state lifetimes provides strong evidence for successful near-field coupling, i.e.
for the SP mediated energy transfer from Alq3 to LR through a silver film.
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Figure 7.8: (a) Time dependent spectral intensity for a sample of type A (donor-
only) with a Ag thickness of 67 nm. The excitation and measurement was done from
the side containing the dye-doped PMMA layer in order to increase the detectable
intensity. (b) Spectrum obtained by integrating over the measurement in (a) from 0
to 50 ns for each wavelength. (c,d) Similar to part (a,b) of the figure for a sample
of type B containing only acceptor molecules. (e,f) Measurement of a sample with
both donor and acceptor molecules (type C). In this case, the sample was excited
from the donor side and the emission from the acceptor side was detected so that
the measurement with SP mediated energy transfer is comparable to the results in
Fig. 7.6. All graphs are scaled in order to maximize visualization within each graph.
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Figure 7.9: Time resolved intensity decay obtained by integrating over a certain
wavelength range in Figs. 7.8(a,c,e). The green curve results from integration over
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or biexponential fits to the curves as described in the text.

7.4.3. Estimation of extraction efficiency

Concerning the overall transfer efficiency it should be kept in mind that the direct
transmission of light through a Ag layer with e.g. 67 nm thickness is very small. Thus,
an increase to the fourfold intensity still corresponds to a low intensity. In order to
quantify the overall efficiency, the emission in top direction was compared to the bottom
emission of the donor Alq3. For emission in normal direction it was found that, despite
a partial recovery of SP losses, the total top emission represents just around 5% of
the bottom emission. Hence, the additional SP mediated top emission amounts to only
about 3% of the bottom emission. Consequently, the overall efficiency of near-field
coupling is very limited.

The main reason for this is the complicated transfer process including several steps,
i.e. SP excitation by the donor, coupling of SPs and excitation of acceptor molecules.
Each of these steps limits the overall efficiency. Above all, the red acceptor has to be
positioned close to the Ag layer so that it can be excited by SPs. As a matter of fact
the excited red molecules in turn efficiently dissipate power in the red wavelength range
to SPs at the Ag interface. This power is definitely lost and cannot be recovered. The
ratio between top and bottom emission could be improved by choosing a smaller silver
thickness. However, this also reduces the efficiency of energy transfer mediated by SPs.

The maximum efficiency obtained in this work agrees well with the result from Tien et
al. who incorporated near-field coupling into complete OLEDs and found a maximum
increase of 3%189. The limited efficiency is further confirmed by Celebi et al. who
calculated a maximum transfer efficiency of approximately 6%191.
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7.5. Conclusions

In summary, the near-field coupling approach is an interesting technique for the recovery
of power that was initially lost to SPs184,185. It should be pointed out that the emission
of the recycled power in top direction is unpolarized and nondispersive due to the
intermediate step of exciting an acceptor dye. This method is particularly interesting
for signage applications which often require emission in two directions. Furthermore,
the emission color in top direction can be tuned by choosing a certain Ag thickness.
For the application of near-field coupling to complete OLEDs it is simply required to
add an acceptor layer on top of the OLED. This can also be achieved by co-evaporation
of two organic materials. Moreover, the electrical characteristics of an OLED are not
modified at all by this method.
Nonetheless, the SP extraction efficiency in this approach is strongly limited and

seems to be insufficient for an application in OLEDs. Several measures could be taken
in order to enhance the efficiency. For instance, the use of metallic nanoparticles with a
limited absorption spectrum might help to reduce losses that arise because the acceptor
again couples to SPs. Furthermore, grating structures can be utilized in order to enhance
the transmission of energy through a thin metal layer186,187,190,192,193. Especially a
grating structure which is not identical on both sides of the silver layer is expected to
enhance emission through the metal187,193. It was also reported that metal films with
subwavelength hole arrays show an enhanced transmission and also provide a periodic
grating that supports coupling between dyes and SPs194,195.

It should be emphasized that a periodic grating structure may directly transform
bound SPs into propagating light. Therefore, such a structure can also be used without
near-field coupling in order to enhance the bottom emission in case of a thick metallic
film, as will be discussed in the following chapter.
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8. Grating coupling

In this chapter it will be demonstrated that periodic grating structures may not only
be used for coupling light into surface plasmons, as discussed in Sec. 4.3, but also for
the reversed process of extracting SPs104,184,196. In general, this is a very promising
approach for recovering SP losses, which has already been discussed in literature, e.g. for
gratings fabricated by laser interference lithography113,188. After explaining the basic
principle of grating coupling, the nanoimprint process will be introduced, which is a
very convenient method to fabricate periodic gratings with high quality on a large area.
Next, the outcoupling of SPs in simplified stacks under PL excitation will be presented
by using line gratings with periods of 555 nm and 833 nm, respectively. In addition, it
will be shown that these structures may also be applied to extract waveguide modes
which are usually bound within a high-index region. Optical simulations will be used to
calculate the dispersion relation of SPs and waveguides, which allows the identification of
all scattered modes. Furthermore, it will be demonstrated that SPs can even be coupled
out by means of a common digital versatile disc (DVD) structure. Finally, alternative
methods for the production of periodic textures will be discussed and compared in terms
of their applicability for large-area structuring.

8.1. Basic principle

In the context of planar interfaces, the SP wave vector ~kSP is always larger than the
in-plane wave vector of light in the adjacent dielectric medium. Thus, no coupling
between SPs and free-space radiation is possible, and power that is coupled to SPs is
dissipated as heat and therefore lost. A very promising coupling method for recovering
some of this power is to periodically corrugate the interface, e.g. by a grating with
period λg, as shown in Fig. 8.1(a). Such a microstructure facilitates Bragg scattering
of SPs, thus increasing or reducing the wave vector according to the relation104,186

~k′SP = ~kSP ±m · ~kg, (8.1)

where ~k′SP describes the wave vector of the scattered SP mode, ~kg is the grating wave
vector with |~kg| = kg = 2π/λg andm is an integer that defines the order of the scattering
process. Depending on the period of the grating and the order of scattering, it is
possible to shift the SP dispersion partly into the air or glass light cone, as shown
in Fig. 8.1(b). In other words, the grating vector associated with the periodicity in
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Figure 8.1: (a) Basic stack layout for the grating coupling approach. (b) Schematic
dispersion of light and SPs in the case of periodically corrugated interfaces. Bragg
scattering of SPs may occur, which shifts the SP wave vector by a multiple of the
grating wave vector ~kg. In general, band gaps may occur at crossing points of two
diffracted modes. However, they are omitted in this simplified diagram for reasons of
clarity.

the surface profile provides the missing momentum required to couple nonradiative SP
modes and photons25. Consequently, the energy and momentum conservation can be
fulfilled for a range of frequencies. Therefore, SPs are allowed to couple to far-field
radiation, i.e. k′SP = (2π/λ) sin θ, with λ being the wavelength of light, and θ being
the angle under which radiation is emitted into air188. All in all, SPs on a periodically
structured film can be considered as a radiative channel rather than simply as a loss,
and some of the power dissipated to SPs can be recovered197.

8.2. Nanoimprint fabrication of gratings and experimental
setup

All gratings investigated in this study were fabricated by nanoimprint lithography198.
This technique facilitates patterning structures from micro to nano scales with high
precision and on a large area. It is a low-cost and high-throughput process in comparison
to other techniques such as laser interference lithography or electron beam writing199.
Generally, a hard mold that contains a surface relief structure is pressed into a polymeric
resist film which is heated above its glass transition temperature Tg, thus transferring the
grating structure into the polymer198, as illustrated in Fig. 8.2. Then the temperature is
reduced below Tg and the mold is detached. Afterwards, organic and metallic layers are
evaporated on the sample in order to create the OLED-like layer structure. Table 8.1
lists the parameters of all devices which are studied in this chapter.
In detail, the process for devices 1–3 was carried out on cleaned microscope slides with

a size of approximately 15 × 15 mm2. The samples were covered with PMMA (Sigma-
Aldrich,Mw = 350.000) spin cast from a toluene solution to form a layer of about 450 nm
thickness. Just before the imprint, the samples were heated on a hotplate to 150 °C,
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8.2 Nanoimprint fabrication of gratings and experimental setup

Glass Glass Glass

PMMA (heated) PMMA PMMA

Alq3

Ag

Evaporation of organic
and metallic layers

Imprint

Master stamp
with grating

Figure 8.2: Illustration of imprint lithography and sample fabrication. The corru-
gation of the master stamp is transferred to a heated sample consisting of a PMMA
layer on glass, producing a replica of the grating. In the last step, organic and metallic
layers are deposited onto the PMMA grating.

which is above the glass transition temperature of PMMA (Tg = 105 °C). A pressure
on the order of 50MPa was applied for several minutes to transfer the microstruc-
ture into the PMMA layer. The molds used for the imprint process were commer-
cially available diffraction gratings (Thorlabs, GH13-18V and GR13-1205) with a size
of 12.7×12.7 mm2. The gratings comprise 1800 lines/mm (GH13-18V) or 1200 lines/mm
(GR13-1205), corresponding to grating periods of 555 nm and 833 nm, respectively. No
antisticking layer was used during the imprint. The Alq3 and Ag layers were ther-
mally evaporated under a vacuum of about 3× 10−7 mbar at a rate of 1.2 and 1.5Å/s,
respectively.
Device 4 demonstrates that it is possible to directly imprint the grating structure into

the active layer. In this case, the yellow dye Lumogen Yellow (LY, BASF) was mixed at

Sample Master
stamp

Grating
period

Imprint
layer

Emitter
material

Metallic
capping

Device 1
Diffraction
grating

(GH13-18V)
555 nm PMMA 30nm Alq3 150 nm Ag

Device 2
Diffraction
grating

(GR13-1205)
833 nm PMMA 30nm Alq3 150 nm Ag

Device 3
Diffraction
grating

(GR13-1205)
833 nm PMMA 200 nm Alq3 180 nm Ag

Device 4 DVD mold 740 nm 180 nm LY:PMMA 5wt% 150 nm Ag

Table 8.1: Overview of investigated devices. Devices 1–3 were fabricated by us-
ing commercial diffraction gratings (Thorlabs, part number given in brackets) as a
stamp for the imprint process. Device 4 is based on the periodic structure of a DVD
stamp, which was directly imprinted into the active layer (Lumogen Yellow doped
into PMMA).
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Figure 8.3: Experimental setup (top view) used for the grating coupling method.
A 375 nm or 473 nm cw laser diode was used to excite the Alq3 and LY molecules,
respectively. Both the sample and the laser were mounted on a computer-controlled
rotation stage. A half cylinder fused silica prism was attached to the substrate side
of the samples for some measurements in order to additionally measure some of the
light which is emitted into the glass light cone.

5wt% with PMMA (micro resist technology, ready to use solution, Mw = 75.000) and
spin cast onto a glass substrate to form a 180 nm thick layer. The mold used for the
imprint process consisted of a nickel plate with a standard DVD pattern with 150 nm
amplitude and a track pitch of 740 nm. The stamp was covered by a 3 nm titanium layer,
which acts as an antisticking layer. During the imprint process, the sample was heated
to 160 °C, then a pressure of 5MPa was applied for 180 s. Afterwards, the sample was
cooled down to 80 °C and the mold was released. Finally, 150 nm Ag were evaporated
on the sample in the same way as for devices 1–3.

In order to determine the dispersion relation of extracted SPs and waveguides, it was
necessary to measure the angular dependent emission intensity. For that purpose, the
samples were mounted on a computer-controlled rotation stage, as depicted in Fig. 8.3.
The grating grooves were oriented perpendicular to the plane of incidence so that SPs
traveling approximately at right angle to the lines of the grating can scatter at the
periodic corrugation and thus transform into free-space radiation.

The excitation laser was incident under 45° from the substrate side and rotated to-
gether with the sample so that the excitation condition was kept constant during the
measurement. The Alq3 layer in devices 1–3 was excited by a 375 nm cw laser diode. In
the case of device 4, a 473 nm cw laser diode was used, which fits well to the absorption
of LY. No special encapsulation was required because the Ag layer sufficiently protects
the emitting molecules from oxygen and water.

The emission was measured from -90° to +30° in steps of 0.5° through a polarizer,
because emission from SPs is expected to be p-polarized. However, it is noteworthy
that emission from SPs can also appear as s-polarized light if the grating is not oriented
perpendicular to the plane of incidence100,113. Appropriate long-pass filters (400 nm or
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8.3 One-dimensional line gratings with 555 nm period
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Figure 8.4: (a) AFM image of the structure obtained by imprint of a grating with
555 nm period into PMMA. (b) Profile at the position indicated by the dotted line
in (a).

450 nm) were used to protect the spectrometer from the reflected laser beam.
From Fig. 8.1(b), it is obvious that scattered SPs with a specific frequency have fixed

wave vectors. In other words, the scattered SPs will be coupled out at a certain angle
that depends on the wavelength of the SP. Thus, it is expected that extracted SPs will
show a strong angular dispersion in the measurement.

8.3. One-dimensional line gratings with 555 nm period

The first grating texture under investigation has a period of 555 nm. In this case, the
grating wave vector is large enough to shift the SP dispersion into the air or glass light
cone by first- or second-order scattering.
Figure 8.4(a) shows an atomic force microscopy (AFM) image of the periodic grating

structure obtained after imprint into PMMA. The cross section presented in Fig. 8.4(b)
illustrates the profile of the grating with an amplitude of up to 30 nm. The grating
period deduced from the cross section is approximately 535 nm, which is close to the
expected value of 555 nm based on the manufacturer information.
The sample investigated in this section is based on such a grating covered with 30 nm

Alq3 and 150 nm Ag. The chosen Alq3 thickness is small enough to circumvent the
excitation of waveguide modes. Hence, it is possible to exclusively study the extraction
of SPs with this device layout.
In order to identify the extracted modes and the scattering order, the dispersion of

SPs was calculated by means of optical simulations for the case of planar interfaces,
cf. Fig. 8.5(b). The total power dissipation is plotted in Fig. 8.5(a). Obviously, a large
fraction of the power is coupled to SPs because the emitter is located close to the Ag
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Figure 8.5: (a) Simulation of the total dissipated power in a stack as illustrated
in part (b) of the figure. The PMMA layer is omitted because glass has almost
the same refractive index as PMMA. An isotropic dipole orientation is assumed for
the simulations, and the emitter position is centered in the Alq3 layer. The dashed
white lines divide the graph into different regions similar to Fig. 5.1(c). However, no
waveguide modes exist in this case due to the thin Alq3 layer. The dotted line was
calculated using Eq. (4.15) assuming semi-infinite Ag and Alq3 layers.

layer. It can also be seen that the SP dispersion is located at smaller wave vector values
compared to the SP dispersion calculated by Eq. (4.15) for bulk Alq3 and Ag layers.
Here, the evanescent SP field partially penetrates into the adjacent PMMA/glass layer.
Thus, the wave vector is based on an effective SP index of Alq3 and PMMA/glass, as
discussed in Sec. 7.1.

It is important to note that the simulations were performed for planar layers to obtain
the SP dispersion relation for a non-corrugated sample. If the grating is relatively shal-
low, kSP on the grating surface will be rather similar to kSP on a planar surface100,113,200.
In order to compare simulations to experiments, the wave vector position of the SP dis-
persion for each wavelength was extracted from Fig. 8.5(a). The influence of the grating
was then taken into account by adding or subtracting integer multiples of the grating
wave vector according to Eq. (8.1).

Figure 8.6(a) shows the measured p-polarized emission of the corrugated device dis-
played in Fig. 8.6(b). Besides a small background of directly emitted light, there are
several strongly dispersive features that result from scattered SPs which are transformed
into visible light. It should be noted that no SP extraction was observable after rotat-
ing the grating by 90° so that it was parallel to the plane of incidence. This implies
that at least a two-dimensional grating is required for the extraction of SPs traveling in
different directions.

The lines in Fig. 8.6(a) correspond to the SP dispersion, which was obtained from
the optical simulation in Fig. 8.5(a) and shifted according to Eq. (8.1) by a multiple
m of the grating wave vector kg = (2π/555 nm). The measured and simulated angular
positions of the scattered SPs agree very well. The emission intensity at 0° is determined
by second-order scattered SPs. It is maximal around a wavelength of 520 nm, where the
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Figure 8.6: (a) Measurement of the p-polarized emission of device 1 (cf. part (b) of
the figure). An angle of 0° corresponds to the surface normal in the bottom direction.
The lines represent the SP dispersion obtained from optical simulations and shifted
by a multiple m of the wave vector of a 555 nm grating. Negative values of m denote
scattering of surface plasmons traveling in the positive in-plane wave vector direction
and vice versa. The additionally detected emission around -45° results from reflections
of the incident laser beam.
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Figure 8.7: (a) Measurement similar to Fig. 8.6(a) except that a fused silica half
cylinder prism was attached to device 1, as illustrated in the stack layout shown
in (b). Thus, it is possible to additionally extract some of the SPs which are scattered
into the glass light cone.

branches of two scattered SPs, traveling in opposite directions, cross each other. First-
order scattered SPs lie within the air light cone at larger angles. In order to extract
SPs in the green wavelength range into the normal direction by first-order scattering, a
grating period of roughly 300 nm would be required.
Figure 8.7(a) shows a measurement of the same sample with outcoupling enhance-

ment, as depicted in Fig. 8.7(b). For this purpose, a fused silica half cylinder prism
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Figure 8.8: (a) AFM image of the structure obtained by imprint of a grating with
833 nm period into a PMMA layer. (b) Profile at the position indicated by the dotted
line in (a).

was attached to the glass substrate with index-matching liquid. Thus, the total in-
ternal reflection at the interface between glass and air is avoided, and it is possible
to extract scattered modes within the glass light cone. Consequently, a mode with a
certain scattering order from Fig. 8.6(a) is located at smaller angles in Fig. 8.7(a). In
addition, it can be seen that the first-order scattered mode has a higher intensity and
can be also extracted for shorter wavelengths. However, the integral intensity of all
extracted modes is not significantly changed by applying an outcoupling prism to this
sample. Thus, a large fraction of the scattered SPs can be extracted without using
an outcoupling enhancement. This makes the grating coupling method especially well
suited for applications in flat, large area OLEDs, although additional scattering layers
or scattering foils are necessary to transform the angular dispersive SP emission into
isotropically emitted radiation.

8.4. One-dimensional line gratings with 833 nm period

Typically, the grating period used in the context of SPs is in the range between about
300 nm and 600 nm157,158,160,161,186–188,201,202. By using such a structure, the SP dis-
persion is shifted into the air or glass light cone by a low-order scattering process, as
presented in the previous section. Here, it is demonstrated that even periods above
800 nm, i.e. almost µm scale, effectively transform surface plasmons into visible light in
a scattering process with higher order196.
Figure 8.8(a) shows a 10 × 10 µm2 AFM image of the topography obtained by im-

printing the grating with 833 nm period into PMMA. The structure has almost no
contamination and good long range order. The profile presented in Fig. 8.8(b) illus-
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8.4 One-dimensional line gratings with 833 nm period
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Figure 8.9: SEM cross section image of the grating from Fig. 8.8(a) covered with
200 nm Alq3 and 180 nm Ag. An average period of about 840 nm is deduced from the
distance between the two dashed lines.

trates that the grating has an amplitude of around 50 nm. The grating period deduced
from the profile is approximately 810 nm, which is close to the expected value of 833 nm
based on the grating manufacturer information.

The AFM image was obtained before evaporation of organic and metallic layers. The
structure and amplitude was virtually the same after deposition of Alq3 and Ag except
for a superposition of small Ag islands, which were created during the fabrication of the
thick Ag layer.

In general, the distribution of the field intensity within the stack is important, i.e.
it must be high in regions where the grating is located135,157,203. However, this is
more important in polymer OLEDs, because spin coating of a polymer may planarize
the textured surface. In contrast, the periodic modulation in small molecule OLEDs
usually is preserved upon evaporation of each layer10,160,203.

In order to demonstrate that the grating is transferred from the structured PMMA
layer to Alq3 and Ag, a scanning electron microscope (SEM) image of a cleaved edge
is presented in Fig. 8.9. The sample in the image represents a complete device with
approximately 200 nm Alq3 and 180 nm Ag. The extraction of SPs in this sample will
be analyzed in Sec. 8.4.2. The SEM image clearly demonstrates that all deposited
layers above the textured PMMA film adopt the periodic structure. In addition, the
periodicity of the grating can also be deduced from the SEM image. An average grating
period of approximately 840 nm is obtained, which again agrees well with the expected
value.

It is also noteworthy that the propagation length of SPs must be large enough to
interact with the grating. A value for the propagation length of around 2.3 µm is
obtained for a planar interface between silver and a typical organic material. However,
for other metals than silver, e.g. aluminum, the propagation length usually is smaller160,
hence a worse extraction efficiency might be expected. In the context of waveguide
modes, it is important that the absorption in the waveguide region is as low as possible
in order to enhance the propagation length of the guided modes, thus increasing the
number of grating periods which the waveguided light may interact with157.
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Figure 8.10: (a) Measurement of the p-polarized emission of device 2 (illustrated in
part (b) of the figure). A half cylinder prism was attached to the sample, so that not
only the scattered modes within the air light cone, but also those within the glass light
cone, can be extracted. The dotted lines represent the dispersion of surface plasmons
obtained from Fig. 8.5(a) and shifted by a multiple m of the wave vector of a grating
with 833 nm period. The additional emission around -47° results from reflections of
the incident laser beam. The two horizontal dashed lines indicate the position of the
cross sections shown in Fig. 8.11.

8.4.1. Extraction of surface plasmons

Prior to the discussion of the sample featuring a thick Alq3 layer, this section contains
the investigation of a sample with 30 nm Alq3 and 150 nm Ag deposited onto a PMMA
layer with an imprinted grating having a period of 833 nm. Hence, the sample differs
from the one in Sec. 8.3 only by the grating period.

The measured p-polarized emission and the stack layout of the sample are presented in
Fig. 8.10. Again, the SP dispersion obtained from the simulation in Fig. 8.5(a) is shifted
by integer multiples of the grating wave vector according to Eq. (8.1) and is presented
as dotted lines. The general agreement between the simulated and measured angular
position of the scattered SPs is very good. Small deviations are probably caused by the
fact that the SP dispersion is slightly influenced by the grating. In fact, with increasing
grating amplitude the actual SP dispersion appears at smaller frequencies, i.e. larger
wavelengths, compared to the dispersion on a planar interface200. This agrees with
the relation of the measured and simulated SP dispersions in Fig. 8.10(a). In addition,
deviations may arise from small errors concerning the period of the grating or the optical
constants and thicknesses used in the simulation. Moreover, small deviations may occur
if the grating is not aligned exactly perpendicular to the plane of incidence. It should
be noted that Eq. (8.1) only gives information about the location of the scattered SPs
whereas the intensity of the different orders may also depend on the actual geometry of
the grating.
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Figure 8.11: Cross sections of Fig. 8.10(a) at a wavelength of (a) 575 nm and
(b) 625 nm. The dotted lines approximately indicate the contribution of directly
emitted light. The slightly increased intensity around -47° due to the reflected laser,
which was observed in Fig. 8.10(a), has been manually subtracted.

Comparing the result to the corresponding measurement of the sample with smaller
period, shown in Fig. 8.7(a), it is apparent that more scattered SP modes are observable
in the case of the grating with 833 nm period. Furthermore, a higher scattering order
is required to extract SPs in normal direction. This can be explained by the fact that
the grating wave vector kg = (2π/833 nm) is smaller by a factor of 1.5 compared to the
samples comprising a grating with 555 nm period.

It is noteworthy that a strong SP emission is obtained although the period of the
grating is almost on a µm scale. Usually, smaller periods are used so that first-order
scattered SPs lie within the air light cone. Here, the larger period is compensated
by higher order scattering. Actually, 5th-order scattering can still be detected and
identified in Fig. 8.10(a). Therefore, it is anticipated that even gratings with such a
large period, thus being easier and cheaper to fabricate, should be considered to be used
as outcoupling enhancement in OLEDs. In addition, the occurrence of many diffracted
modes may even offer an improvement concerning the color shift of the angular dispersive
emission.

A rough estimation of the extraction efficiency can be achieved from an analysis at
fixed wavelength and the comparison of directly emitted light versus extracted SPs. For
that purpose, Fig. 8.11 shows cross sections of Fig. 8.10(a) at 575 nm and 625 nm. The
wavelengths are chosen in such a way that there is almost no SP emission at 0°. Hence,
the intensity at this point can be attributed to directly emitted light. The results differ
inasmuch as Fig. 8.11(a) shows a cross section close to a point where two diffracted
waves having almost the same emission angle overlap, while four distinct peaks are
observable in Fig. 8.11(b).

By integrating over the cross sections it is found that the emission arising from ex-
tracted SPs amounts to around 70% of the fraction of directly emitted p-polarized light.
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It should be stressed that this value does not correspond to the extraction efficiency of
SPs because it is not known to what extent the emitting molecules couple to SPs and
to direct emission, even though the coupling to SPs is expected to be the dominant
loss channel. For an accurate determination of the extraction efficiency, it would be
favorable to use an optical simulation that takes into account structured interfaces with
different periods and amplitudes. It should be pointed out that a detailed investigation
of the efficiency must also consider the fact that the incident laser can be scattered by
the grating, which may considerably change the excitation conditions.
From the position of the peaks in Fig. 8.11(b), it is also possible to derive the grating

period. By comparing the cross section to Fig. 8.10(a), it is found that the peaks at -9°
and -41.5° originate from SPs propagating in the same direction but differing in the order
of scattering by one. The same applies to the peaks at -20° and -59°. The corresponding
in-plane wave vector values can be calculated using kx = (2π · n/625 nm) · sin θ with
the refractive index of fused silica of n ≈ 1.457 at this wavelength. The difference in
the values for the in-plane wave vector between two of these peaks is approximately
7.48 × 106 m−1, which corresponds to a grating period of around 840 nm, i.e. close to
the value expected from the manufacturer information.
Taking a closer look at the p-polarized measurements of devices 1–3, it is apparent

that several optical band gaps are observed at crossing points of two SP branches. In
general, a band gap is created if SPs are back-scattered into the opposite propagation
direction104,204,205. In this case, the two counter-propagating SP modes set up a stand-
ing wave. In fact, two standing wave solutions with different surface charges and field
distributions exist. Since they have different energies, a band gap is opened up25,204.
In order to scatter SPs in the opposite direction of propagation by means of a grating,
the condition 2kSP = ±m · kg must be fulfilled104, i.e. it is required that an integer
multiple m of the grating wave vector kg is equal to twice the SP wave vector kSP.
More details concerning the physical origin of photonic band gaps in the propagation
of SPs on gratings can be found in Ref. [204]. Usually, the width and the frequency of
the band gap depend on the grating shape and period200,206.

8.4.2. Extraction of waveguide modes

The Alq3 thickness of device 2 is too thin to support bound wave guide modes. In
contrast, the thickness of device 3 was chosen such that the emitting molecules can
couple to a sharp s-polarized waveguide mode besides excitation of SPs. This effect
can also be observed in optical simulations. The total power dissipation of a stack
almost similar to device 3, but with planar interfaces, is presented in Fig. 8.12(a). In
contrast to the result shown for 30 nm thick Alq3 in Fig. 8.5(a), the SP dispersion can
be well reproduced by Eq. (4.15) assuming semi-infinite Ag and Alq3 layers, because
the exponentially decaying SP field mainly penetrates into the thick Alq3 layer.
From the p-polarized emission shown in Fig. 8.13(a), it is obvious that the measure-
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Figure 8.12: (a) Simulation of the total dissipated power similar to Fig. 8.5(a), but
for a stack with 200 nm Alq3, as illustrated in part (b) of the figure. The dashed
white lines divide the graph into different regions similar to Fig. 5.1(c). Besides
strong coupling to SPs, a significant amount of power is dissipated into an s-polarized
waveguide mode. The dotted line was calculated using Eq. (4.15) assuming semi-
infinite Ag and Alq3 layers.

ment basically looks similar to the emission of device 2. However, the SP dispersion is
slightly different because it is determined by a 200 nm thick Alq3 layer. Using the SP
dispersion obtained from the simulation in Fig. 8.12(a), good agreement between the
measured and simulated angular positions is obtained.
Here, no outcoupling prism was attached during the measurement of device 3. There-

fore, only the modes scattered into the air light cone were accessible by the measurement.
Thus, less scattered SP features are observable in Fig. 8.13(a) compared to Fig. 8.10(a).
Nevertheless, this demonstrates that it is not necessarily required to attach outcoupling
structures in order to extract SPs which are scattered at periodic gratings.
The measured s-polarized emission, displayed in Fig. 8.14(a), demonstrates that a

sharp s-polarized waveguide mode exists in the 200 nm thick Alq3 layer, as it has been
expected from the optical simulation in Fig. 8.12(a). Similar to the case of SPs, it
is possible that waveguide modes scatter at the periodic surface grating so that the
dispersion is shifted into the air or glass light cone. Thus, also waveguide modes are
partly transformed into freely propagating light and can be measured in the experiment.
For a comparison between simulation and experiment, the dispersion of the s-polarized

waveguide mode is extracted from Fig. 8.12(a). Using Eq. (8.1) also for scattering of
waveguides, very good agreement between the measured and simulated angular posi-
tion is obtained. Scattering up to 4th-order is observed in the measurement. It should
be emphasized that the full width at half maximum of the 2nd- and 3rd-order scat-
tered modes typically is below 6 nm (at constant angle) and 2 degrees (at constant
wavelength), respectively.
It is noteworthy that the absolute peak intensity is more than ten times larger for the

s-polarized measurement in comparison to the measured p-polarized emission. Several
reasons are responsible for this behavior. First, as noted above, the extracted s-polarized
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Figure 8.13: (a) Measured p-polarized emission of device 3 (shown in part (b) of the
figure). The lines are obtained from the simulated dispersion of surface plasmons in
Fig. 8.12(a) and shifted by a multiple of the grating wave vector kg = (2π/833 nm).
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Figure 8.14: (a) Measured s-polarized emission of device 3 (shown in part (b) of the
figure). The lines are obtained from the dispersion of the waveguide mode shown in
Fig. 8.12(a) and shifted by a multiple of the wave vector of a grating with 833 nm
period.

waveguide mode is considerably sharper in comparison to the SP mode. Furthermore,
coupling to the s-polarized waveguide mode occurs through the whole 200 nm thick Alq3

layer, while SPs are mainly excited from molecules close to the silver interface. Finally,
since the laser is incident from the glass side, a large fraction of the laser intensity is
already absorbed before molecules close to the silver are excited.
In addition to the s-polarized mode, there is also a very weak p-polarized waveguide

mode, which emerges at short wavelengths in the measurement and simulation of de-
vice 3. However, this feature is hardly visible, and the simulated dispersion lines have
thus been omitted in Fig. 8.13(a) for reasons of clarity.
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Figure 8.15: (a) AFM image after imprinting a DVD stamp into the LY:PMMA
layer used in device 4. The DVD track runs diagonally from the top right to the
bottom left corner. (b) Profile at the position indicated by the dotted line in (a).

8.5. DVD gratings

In order to demonstrate the general practicability of the imprint process, this section
investigates a microstructured grating which is based on a common DVD stamp196.
Figure 8.15(a) presents an AFM image of device 4 after the imprint process, which shows
the individual DVD tracks next to each other. Although each track is discontinuous,
there is a periodic spacing between the tracks. This distance is known as track pitch
and has a value of 740 nm in a DVD207. From the profile shown in Fig. 8.15(b), an
average period of around 730 nm is obtained, which fits quite well to the track pitch.

The amplitude is found to have a value of up to 130 nm. The most efficient coupling
between SPs and light occurs for a grating amplitude of some tens of nanometers208.
Therefore, PEDOT/PSS was spin cast onto the sample. Since this polymer material
is water based, PMMA is not dissolved again. Although the wetting of PEDOT/PSS
is very bad on PMMA, the surface was smoothed and the holes were partially filled so
that the amplitude was slightly reduced.

The measured p-polarized emission of device 4 is displayed in Fig. 8.16(a). Although
the amplitude of the grating still is not optimal, several dispersive SP features can
be distinguished. This is remarkable, considering that the individual grating lines are
discontinuous and irregular. However, the periodic line pitch of the DVD structure
appears to be sufficient to scatter SPs and extract them to some extent as visible light.

The theoretical SP dispersion is again calculated in a similar way as presented for
devices 1–3. Here, SPs travel along the interface between Ag and PMMA at smaller
wave vectors compared to all other devices, because PMMA has a smaller refractive
index than Alq3. It is noteworthy that no waveguide modes exist in this stack because
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Figure 8.16: (a) Measurement of the p-polarized emission of device 4. The lines
represent the SP dispersion obtained from a simulation of a planar version of device 4,
which is shifted by a multiple of the wave vector of a 740 nm grating, i.e. corresponding
to the track pitch of a DVD.

there is no total internal reflection between PMMA and glass since both materials have
a quite similar refractive index, cf. optical constants in the appendix in Sec. A.2. By
shifting the calculated SP dispersion by a multiple of the grating wave vector of a 740 nm
grating, good agreement with the measured result is obtained, as shown by the lines in
Fig. 8.16(a).

Certainly, a continuous grating with optimized amplitude would show a much more
efficient SP extraction. However, the fact that the basic principle works even with a
DVD structure indicates that SPs can be extracted even if some defects or irregularities
occur during the fabrication process.

Further improvement concerning the color shift of the angular dispersive emission
could be obtained by using a quasi-periodic structure with broad distribution and di-
rectional randomness, as reported for instance by Koo et al., who made use of buckles
which were spontaneously formed during cooling of a thin aluminum layer10. It should
be noted that the fabrication of quasi-periodic layers is also compatible with the pre-
sented nanoimprint technique if an appropriate mold is used.

All in all, using a DVD stamp for the extraction of SPs demonstrates that it is indeed
possible to fabricate gratings for optoelectronic devices with excellent quality on a large
area at remarkably low cost, keeping in mind the quality, size and costs of commercially
available DVD molds.
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Figure 8.17: AFM images of periodic structures obtained from alternative fabrica-
tion methods. (a) Periodic line gratings produced by laser interference lithography
(Klaus Huska, LTI Karlsruhe). The period and amplitude are about 400 nm and
20 nm, respectively. The image shows a sample that is already covered with Alq3 and
Ag, therefore small Ag islands can be observed. (b) Monolayer of polystyrene micro-
spheres. The spheres have a diameter of about 600 nm. (c) Line gratings produced
by electron beam lithography using PMMA resist and subsequent developing (Jörg
Kinzel, University of Augsburg). The period of the grating is approximately 600 nm.

8.6. Alternative fabrication methods for periodically
structured films

Besides nanoimprint, several other techniques were tested in order to create a period-
ical corrugation. This section briefly reviews the basic methods of three alternative
approaches.
First, samples may be structured by laser interference lithography. In this method,

a photoresist is exposed to a periodic light pattern created by the superposition of two
expanded laser beams160,203. Afterwards, the resist is developed to obtain the textured
topography. This structure can also be used as a template for a subsequent etching
process to structure the substrate110,113,188. Figure 8.17(a) shows a periodic resist
structure which can be directly used as a grating in experiments. Although the SP
extraction basically works with such a sample, the result (not shown here) is worse in
comparison to the line gratings discussed above. This is probably due to an imperfect
grating with many defects in the samples under investigation. Nevertheless, this method
represents a low-cost and large area scalable process. By rotating the sample during the
fabrication process by 90°, it is even possible to fabricate two-dimensional gratings201.

A second interesting approach is colloid monolayer lithography209–212. Microspheres
(e.g. made from polystyrene) are dispersed at a certain concentration in a fluid and
are spread on a substrate. Depending on the inclination of the substrate and the
environment, e.g. humidity and temperature, a monolayer of microspheres may be ob-
tained. Such a structure with spheres having a diameter of about 600 nm is presented
in Fig. 8.17(b). Here, the amplitude of the corrugation is probably too large to scatter
SPs efficiently. However, it is possible to shrink the spheres in a plasma process212 and
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to use the resulting template in a subsequent etching process in order to transfer the
periodic structure into the substrate. Thus, the amplitude can be adjusted by the etch-
ing process. Altogether, the application of colloid monolayers basically offers a variety
of sphere diameters and inherently results in a multi-dimensional periodic structure.
However, in terms of cost and production time, probably other structuring methods
should be preferred.
Finally, Fig. 8.17(c) shows a grating which was fabricated by electron beam lithogra-

phy. In this case, the grating amplitude is very large so that a thin deposited Alq3 film
becomes discontinuous. Consequently, no SP extraction could be detected. Of course,
by changing the fabrication conditions, it is possible to modify the amplitude, the pe-
riod and the duty cycle, i.e. the ratio of the groove width with respect to the period.
In general, this technique creates well defined grooves with sharp edges. Additionally,
two-dimensional structures can be made. On the other hand, electron beam lithography
is limited to rather small areas and has a low throughput. However, the high quality
of this method can be applied to produce one master stamp, which is then repeatedly
used in an imprint process.
It is noteworthy that nanoimprint is also compatible with a roll-to-roll process159.

Thus, it is possible to structure large areas in a very cost-efficient way. In addition,
nanoimprint can produce two-dimensional structures if an appropriate master stamp is
used.

8.7. Conclusions

In summary, this chapter studied the light outcoupling enhancement by extraction of
surface plasmons and waveguide modes in OLED-like devices using imprinted grat-
ing structures with periods between 555 nm and 833 nm. Despite the comparatively
large period of almost µm scale, extraction of SPs and waveguides by scattering up to
5th-order could be detected. The determined angular position of the extracted modes
agrees very well with the dispersion relation of SPs and waveguides obtained from op-
tical simulations, taking into account shifts by a multiple of the grating wave vector.
This demonstrates that it is not always necessary to use gratings with a period below
500 nm, which are usually more expensive and complex in fabrication, although the
application of such gratings could result in an increased extraction efficiency due to
first-order scattering. On the other hand, an explicit advantage of gratings with larger
period is the occurrence of more diffracted modes, hence the emission has less color
shift.
In order to demonstrate the low-cost, high-quality and large-area applicability of grat-

ing structures in optoelectronic devices, SP extraction by means of a grating structure
produced with a common DVD stamp was presented. The extraction efficiency could
be further enhanced by optimizing the shape and amplitude of the grating.
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8.7 Conclusions

It should be pointed out that grating coupling causes a strongly dispersive emission,
which is undesired for most applications. Possible measures to solve this issue include
the application of an additional layer that contains scattering particles or converter dyes
to make the emission isotropic again. Furthermore, gratings with a broad distribution
of periods and directional randomness can enhance light extraction without causing a
dispersive emission.
Moreover, it is important to note that a corrugation can also have an influence on the

charge carrier transport10. However, the optimal grating amplitude is only a few tens of
nanometers versus a period of several hundred nanometers208, hence such a corrugation
can still be regarded as shallow and the effect on the current-voltage characteristics
should be limited.
Certainly, it would be interesting to determine the efficiency of transforming SPs

into free-space radiation by using gratings fabricated by imprint. According to reports
in literature, up to 80% of SPs propagating normal to a grating can be converted
to light, as published in 1982 by Moreland et al., who used holographic gratings with
optimized amplitude208. This result was confirmed and extended in a more recent study
by Worthing and Barnes, who obtained an efficiency up to 70% for converting SPs into
radiation, even if the SPs travel at a certain angle with respect to the direction normal
to the grating113. By using a grating which is structured in two dimensions, i.e. a
bi-grating, they found that the total efficiency of coupling SPs to free-space radiation
takes a mean value of 60%, independent of the SP propagation direction197.
Therefore, grating coupling is definitely a very promising approach for recovering SP

losses in OLEDs. Moreover, waveguide modes and to some extent even substrate modes
can be coupled out. It is also noteworthy that this method extracts radiation in the
bottom direction (i.e. in the same direction as the directly emitted light). Evidently,
this is required for many applications in solid state lighting when the OLED is mounted
to a wall or to the ceiling.

139





9. Prism coupling

Besides extracting surface plasmons and waveguide modes by a period grating structure,
it is possible to directly transform bound SPs and waveguides into free-space radiation by
the prism coupling method170,184. In this technique, the Kretschmann configuration in
a stack structure consisting for instance of glass/metal/organic/air is reversed. Guided
modes and SPs are excited in the organic film or at the metallic cathode and then
extracted through the finite metal film into the adjacent glass prism. Energy and
momentum conservation are fulfilled as long as the refractive index on the glass side
of the metal is larger than the effective index of organic and air, i.e. as long as the
organic film is thin enough. Hence, SPs become radiative170,192, and waveguides can be
extracted as leaky modes.
This chapter first explains the basic principle of the prism coupling method. After-

wards, different metals will be studied in terms of their applicability for extracting SPs.
Subsequently, the extraction of SPs and guided modes will be investigated by angular
dependent PL measurements. The influence of the thickness of both the metal layer as
well as the organic film will be analyzed in detail. In addition, the experimental findings
will be compared to optical simulations in order to gain deeper insight into the physical
processes that affect prism coupling.

9.1. Basic principle

The prism coupling technique is based on a reversed Kretschmann configuration104,170,
which was introduced in Sec. 4.3. The basic stack layout is illustrated in Fig. 9.1(a).
Here, organic dye molecules on the bottom Ag side are excited by a laser and in turn
couple via their near-field to SPs, which propagate at the interface between the organic
film and Ag170. If the organic layer is thin enough (i.e. only a few tens of nanometers),
the evanescent SP field penetrates through this layer into the surrounding air. Therefore,
the SP dispersion is not determined by the bulk refractive index of the organic material,
but by an effective refractive index of organic and air. This value will be called “effective
SP index” (cf. Sec. 7.1) in order to reflect that the weighting of the different indices
depends on the field of the SPs. Since the dispersion now depends on the thickness of
the organic layer, it is possible that the SP dispersion lies within the glass light cone,
as depicted in Fig. 9.1(b). If the Ag layer is thin enough, the SPs on the bottom side
can transform into free-space radiation in the upper glass medium, because energy and
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Figure 9.1: (a) Basic stack layout for the prism coupling approach. (b) Illustration
of the air and glass light cones and schematic dispersion of SPs traveling at the
interface between Ag and a thin organic layer. In the case of prism coupling, the
organic layer must be sufficiently thin so that the effective SP index of organic and
air on the bottom Ag side is smaller than the refractive index of the prism on the top
Ag side.

momentum conservation between SPs and light traveling inside the glass can be fulfilled.
Thus, energy lost to SPs can be recovered. The same applies to leaky modes, which
propagate within the organic film and partially penetrate through the Ag layer into the
glass substrate. By using an outcoupling prism, light that emerges from extracted SPs
and leaky modes can be coupled out and measured.

It should be stressed that the prism coupling method does not require any surface
structures, but even works for perfectly flat interfaces. However, it is also noteworthy
that a grating structure could be implemented to facilitate coupling of an incident laser
beam into SPs, which in turn are extracted into the prism192. In such a case, no dye
molecules are required to excite SPs.

An instructive description of the principle can be given by studying the simulated
absorption A under reversed optical path, i.e. light of a certain wavelength λ is incident
through the prism and reflected at the silver/glass interface. The absorption is deter-
mined by A = 1−R− T , where R and T represent the reflectance and transmittance,
respectively. A transfer-matrix method, as described in Sec. 3.4, was used to compute R
and T . The transmittance through the Ag layer is lower than 10% even if the angle θ in-
side the glass prism is close to normal incidence. For angles larger than the critical angle
for total internal reflection between fused silica and air (θc = arcsin(1/1.46) ≈ 43.2°),
no light is transmitted through the complete stack in bottom direction, resulting in
T = 0. The basic idea behind this approach is to find a combination of incidence angle
and organic layer thickness which permits coupling of light to a certain optical mode
(i.e. SP or leaky mode) on the bottom Ag side.

The p- and s-polarized absorption in case of a 40 nm thick Ag layer are shown in
Figs. 9.2(a) and (b), respectively. Obviously, absorption into SPs and leaky modes only
occurs for angles θ > θc. This is due to the fact that no SPs and leaky modes exist
within the air light cone, i.e. within the angular range of 0° < θ < θc. Therefore, all
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Figure 9.2: (a),(b) Calculated absorption of p- and s-polarized light, respectively, at
a wavelength of 530 nm in a stack similar to Fig. 9.1(a) with a fused silica prism, a
silver thickness of 40 nm, and Alq3 as organic layer. Here, light is incident through
the prism side. The absorption is plotted as a function of the angle inside the prism
for varying thickness of the Alq3 layer. Dark areas indicate coupling to SPs or leaky
modes. TMx and TEx refer to p- and s-polarized modes, respectively, with x being
the mode number. Surface plasmons are denoted by SP. The optical constants used
for the calculation are n = 1.46 for the fused silica prism, n = 0.06 and κ = 3.4 for
Ag, and n = 1.73 and κ = 0.005 for Alq3. The vertical dashed line was calculated
by arcsin(1/1.46), i.e. it represents the maximum propagation angle of light in air,
converted to an angle inside the prism.

guided modes emerge at angles to the right of the dashed vertical line in Fig. 9.2. The
SP mode starts at even slightly larger angles as a consequence of the SP dispersion
relation.

In the p-polarized case, coupling of light into SPs is possible up to an Alq3 thickness
of roughly 50 nm (cf. also Fig. 7.2(d)). The excited SPs travel at the Ag/Alq3 interface,
thus their dispersion depends on the actual Alq3 thickness. With increasing thickness,
the resonance angle shifts to higher values. As soon as the effective SP index on the
bottom Ag side gets larger than the refractive index of fused silica, the SP dispersion is
shifted outside the glass light cone. Hence, the Kretschmann configuration is no more
fulfilled and no coupling between light and SPs is possible.

For even thicker organic layers above approximately 160 nm, the incident light may
couple to a guided mode (TM0), which propagates inside the Alq3 film between the
interface to air and the partially reflecting Ag layer. The resonance angle for coupling
into this mode is also shifted to larger angles with increasing thickness of the Alq3 layer.
This is in agreement with the transverse resonance condition, cf. Eq. (3.69). Above a
certain Alq3 thickness, the in-plane wave vector of the guided mode becomes larger than
the glass light line. Consequently, coupling between incident radiation and the guided
mode is no more possible. In case of the TM0 mode, this happens if the thickness of
Alq3 gets larger than approximately 330 nm.

As a matter of course, no coupling to SPs occurs for s-polarized light. Therefore,
no significant absorption is visible in Fig. 9.2(b) for Alq3 thicknesses below 70 nm. For
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9 Prism coupling

a thicker layer, coupling to the first s-polarized guided mode (TE0) becomes possible.
The minimum required Alq3 thickness for an s-polarized waveguide mode is lower than
for p-polarized light, because the cut-off thickness for the s-polarized mode is smaller
in comparison to the p-polarized case. It should be mentioned that the maximum
absorption as well as the width of the resonance in Fig. 9.2 strongly depend on the Ag
thickness.
The findings from the absorption study of p- and s-polarized light has important

consequences for the reversed situation that occurs in a PL experiment, as presented
in the following sections. In such a case, the organic molecules directly couple to SPs
and guided modes. Hence, the optical path is inverted in comparison to the absorption
of light incident from the prism side. Assuming that the same pathway which is taken
by the radiation from an external light source to couple into SPs and guided modes is
used by photons generated inside the organic layer to leave the device180, the emission
is expected to be strong at those angles, where the absorption is high in Fig. 9.2. Thus,
depending on the thickness of the organic layer, the modes excited by the dye molecules
are allowed to partially escape into the prism. Consequently, SPs become radiative
under these circumstances, and waveguide modes can be extracted as leaky modes.

9.2. Sample preparation and experimental setup

In order to analyze the extracted SPs and leaky modes, it is necessary to measure
the angular dependent emission intensity. The experimental setup used for the mea-
surements is shown in Fig. 9.3. The samples were mounted on a computer-controlled
rotation stage. The excitation laser was rotated together with the samples so that the
excitation condition was kept constant during the measurement. In most experiments,
the emission was measured in steps of 0.2° through a long-pass filter (400 nm cut-off
wavelength) that protects the spectrometer from the laser beam.
The samples investigated in this chapter were fabricated on cleaned glass micro-

scope slides. Silver was deposited either by thermal evaporation in a vacuum of around
2 × 10−7 mbar at a rate of 1.5Å/s, or by electron beam evaporation at a pressure of
approximately 5× 10−6 mbar at a rate of 1.0Å/s. It was exemplarily checked that the
silver layer on glass is smooth enough in order to rule out grating effects. For both
deposition methods, a root mean square roughness of less than 2 nm was determined
by atomic force microscopy. To study the influence of the metal, gold and aluminum
layers were also fabricated by electron beam evaporation similar to silver. The Alq3

layers were prepared by thermal evaporation in a vacuum of typically 2× 10−7 mbar at
a rate of 1.2Å/s.
The glass substrate was attached to a half cylinder fused silica prism with index-

matching liquid in order to extract light traveling inside the glass light cone. Because
extracted SPs and leaky modes are polarized, the emission was measured with an ap-
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Figure 9.3: Experimental setup (top view) for the prism coupling method. A 375 nm
cw laser diode was used to excite the Alq3 layer. Both the sample and the laser were
mounted on a computer-controlled rotation stage. A half cylinder fused silica prism
was attached to the substrate side of the samples to extract light which is emitted
into the glass light cone.

propriate polarizer in order to distinguish between p- and s-polarized radiation. It is
noteworthy that the specified angular values always refer to angles inside the fused silica
prism. Since the dispersion of SPs and leaky modes lies at larger in-plane wave vector
values than the air light line, the emission from SPs and leaky modes is coupled into
the fused silica prism at angles larger than the critical angle between fused silica and
air, i.e. angles larger than 43.2°. Accordingly, the measurements are plotted from 40°
to 90°.

9.3. Extraction of surface plasmons

As discussed above, the thickness of the organic layers basically determines the type of
mode, i.e. SP or leaky mode, which is accessible by the prism coupling method. This
section discusses the extraction of SPs, while the outcoupling of leaky modes will be
studied in Sec. 9.4.
Here, samples with varying Alq3 and metal thicknesses were investigated in order to

determine the influence of these parameters on the prism coupling method and to find
the optimal conditions. However, first of all it is necessary to find the ideal metal, since
the dispersion and absorption of SPs strongly depends on the optical constants of the
metal layer.

9.3.1. Influence of different metals

In order to investigate the extraction of SPs and guided modes in PL experiments, it is
essential to choose the right materials. In the context of the metal layer, promising ma-
terials are silver, aluminum and gold. The real and imaginary parts of the permittivities
and their influence on the SP resonance were discussed in Sec. 4.2. From a theoretical
point of view, Ag is the material of choice for studying SPs in the visible wavelength
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Figure 9.4: Measurement of the p-polarized emission in top direction in a stack
according to Fig. 9.1(a) with approximately 30 nm Alq3 and different metal layers:
(a) 40 nm silver, (b) 20 nm aluminum, and (c) 40 nm gold.

regime, because Ag has the lowest damping.
Figure 9.4 displays measurements of extracted SPs for three different metal layers.

The thickness of the Ag and Au films was 40 nm. On the contrary, only a 20 nm thin
Al film was used, because optical simulations predict that the SP extraction is strongly
reduced for thicker Al films due to the high absorption of this material.
For all three metals, an angular dispersive SP emission can clearly be observed. How-

ever, the position and intensity are different. In general, the emission angle increases
with decreasing wavelength, because the SP dispersion is located further away from
the air light line for higher frequencies213. The SP emission angle is highest for the
measurement with a Au layer and lowest for an Al film. In case of Au, no SP emission
is observed in the blue wavelength range. In contrast, by using Al instead of Au, SPs
can also be extracted for wavelengths below 500 nm. This behavior can be explained
by the SP dispersion, cf. also Fig. 4.2. At a certain wavelength, SPs traveling at an
Al/organic interface have the lowest wave vector, hence SPs emitted through the Al
layer are located at smaller angles compared to Ag and Au.
Concerning the intensity of extracted SPs, it should be pointed out that the measured

intensity depends on the precise adjustment and positioning of each sample, thus small
variations in intensity of the order of 10% between different measurements must be taken
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9.3 Extraction of surface plasmons

into account. Nevertheless, it is obvious from Fig. 9.4 that the SP extraction is highest
in case of Ag in this wavelength range, hence confirming the theoretical predictions.
Interestingly, the emission intensity seems to be related to the SP propagation length,

which differs for Ag, Al and Au. In detail, SPs propagating at the interface between Ag
and bulk organic typically have a propagation length of about 2.3 µm at a wavelength
of 550 nm (cf. Sec. 4.2). The value for Al is slightly lower, about 1.5 µm, and in case
of Au a propagation length below 0.1 µm is obtained by using Eqs. (4.26) and (4.24)
in combination with optical constants from the appendix. Certainly, for organic films
with a finite thickness, the propagation length should be slightly higher, because the SP
field penetrates into air and thus experiences less damping. Nevertheless, the calculated
values have the same trend as the measured emission intensities in Fig. 9.4. Hence, it
seems that a high propagation length, i.e. small SP damping, is a basic requirement
for a good SP extraction efficiency in the prism coupling approach. In other words, if
the propagation length is too short, SPs are partially damped and converted into heat
before they can be extracted.
Altogether, the best result was obtained by using Ag as metal layer. In addition, Ag

has the highest reflectivity of all metals in the visible wavelength range combined with
an excellent conductivity, hence it is perfectly suited as electrode material in OLEDs.
Therefore, all measurements presented in the following sections are based on samples
featuring Ag as metal layer.

9.3.2. Variation of organic layer thickness

In order to study the influence of the organic layer thickness on the SP emission,
Figs. 9.5(a)–(c) show the measured SP dispersion for three samples comprising 50 nm
Ag but different Alq3 thicknesses of 20 nm, 30 nm, and 40 nm. It is obvious that the
Alq3 thickness determines the angular position of the extracted SPs. This agrees with
the absorption in the case of a reversed optical path, as discussed above. A larger
Alq3 thickness corresponds to a higher SP wave vector, thus SPs are extracted at larger
angles.
This is also apparent from the SP dispersions shown in Fig. 9.5(d), which were

extracted from the measurements in Figs. 9.5(a)–(c). By comparing the experimen-
tally determined emission angle at 530 nm wavelength with the theoretical prediction
in Fig. 9.2(a), it is found that the experimental position is always located at higher
angles. The most probable explanation is that the true Alq3 thickness in all samples is
slightly larger than the supposed value. This is possible if the profilometer which was
usually used for the thickness determination partially carves into the rather soft organic
material.
Figure 9.6 presents a photograph of the sample with 50 nm Ag and 20 nm Alq3. By

comparing the picture to the measurement shown in Fig. 9.5(a), the angular dependent
SP dispersion is clearly visible. The red part of the SP dispersion is emitted at angles
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Figure 9.5: (a) Measured p-polarized emission in a structure similar to the basic
stack layout of glass/Ag/Alq3/air for different Alq3 thicknesses. All samples comprise
50 nm Ag, but the Alq3 thickness is (a) 20 nm, (b) 30 nm, and (c) 40 nm. (d) Dis-
persion of SPs obtained from parts (a)–(c) of this figure by determining the angle of
maximum emission at each wavelength.

close to 50°, then the green wavelength range follows, and, finally, a long blue tail can
be identified in the image at larger angles. Furthermore, the photograph demonstrates
that the intensity of the SP emission into the prism has a similar order of magnitude
as the direct emission of Alq3 into air on the bottom Ag side.
It should be noted that the absolute intensity of the measured SP dispersions in

Fig. 9.5 is hardly influenced by the Alq3 thickness. On the contrary, it is expected that
a variation of the Ag thickness strongly influences the extracted emission intensity in
analogy to the discussion about near-field coupling, cf. Chapter 7. Therefore, the fol-
lowing section investigates samples with a fixed Alq3 layer but different Ag thicknesses.

9.3.3. Variation of silver thickness

To investigate the influence of the Ag thickness in the prism coupling approach, a
series of samples comprising a fixed Alq3 thickness of approximately 30 nm and different
Ag thicknesses between about 20 nm and 90 nm were prepared. Figure 9.7 shows the
measured p-polarized emission for four exemplary Ag thicknesses. The dispersion of
SPs, coupled out via prism coupling, can be clearly seen. To investigate the influence

148



9.3 Extraction of surface plasmons

0°
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Prism Sample

Emission from SPs

(a) (b)

Sample

Direct
emission

Figure 9.6: (a) Top view photograph of the sample with 50 nm Ag and 20 nm Alq3.
A half cylinder prism was attached to the sample, which was then placed on a white
Teflon platform attached to the rotation stage. The corresponding angular dependent
measurement is shown in Fig. 9.5(a). (b) Schematic illustration indicating the rather
isotropic direct emission and the angular dispersive emission from SPs.

of the Ag thickness on the intensity of the extracted SPs in more detail, cross sections
of the measurements at wavelengths of 530 nm and 625 nm are plotted in Fig. 9.8.
Several effects are observable in the measurements in Fig. 9.7 and in the cross sections

in Fig. 9.8. First, the emission from SPs narrows with increasing Ag thickness214. This
is in particular apparent by comparing the width of the cross sections for samples with
40 nm, 50 nm, and 60 nm Ag. It can also be seen that the angular position in all
measurements is almost similar. The deviation in angular position for the samples with
30 nm and 90 nm probably arises from an Alq3 layer which is slightly thicker compared
to the other samples. Finally, the peak intensity strongly depends on the Ag thickness.
Although the denoted intensity values are subject to small variations depending on the
positioning of each sample and due to possible differences in the exact thickness of the
Alq3 films, a clear trend is observable. Starting at a rather low value for the sample
comprising a 20 nm thick Ag layer, the peak intensity rises with increasing Ag thickness
and reaches a maximum at 50 nm Ag. For even larger thicknesses, the peak intensity
decreases again.
Comparing the cross sections at 530 nm and 625 nm, it is apparent that the SP dis-

persion shifts to smaller angles with increasing wavelength. This can be explained by
the fact that the SP dispersion is located closer to the air light line for lower frequencies.
In addition, the dispersion becomes narrower with increasing wavelength, similar to the
measurement of the SP dispersion using surface plasmon resonance. This effect is due
to reduced damping at higher wavelengths.
The peak intensities of the cross sections at wavelengths of 530 nm and 625 nm are

displayed as a function of the Ag thickness in Figs. 9.9(a) and (b), respectively. In the
case of 530 nm emission wavelength, the highest peak emission is found at a Ag thickness
of 50 nm. At 625 nm, the peak emission is slightly shifted to smaller thicknesses and
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Figure 9.7: Measurement of the p-polarized emission for four exemplary Ag thick-
nesses in a structure similar to Fig. 9.1(a). All samples comprise around 30 nm Alq3

but different Ag thicknesses as depicted in each graph. The stated thicknesses are
rounded values, which will be used in the following for reasons of clarity. The actual
thicknesses determined by profilometry are approximately 21 nm, 30 nm, 40 nm, and
78 nm.
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Figure 9.8: (a) Cross sections of the measurements in Figs. 9.7(a)–(d) at a wave-
length of 530 nm, which is close to the emission maximum of Alq3. (b) Cross sections
similar to (a), but at a wavelength of 625 nm. In addition to the measurements of
Fig. 9.7, the cross sections of four additional measurements are shown. The actual
thicknesses determined by profilometry of these samples are approximately 49 nm,
59 nm, 67 nm, and 88 nm.
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Figure 9.9: (a),(b) Measured peak intensities (square symbols) extracted from
Figs. 9.8(a) and (b) at a wavelength of 530 nm and 625 nm, respectively. (c),(d) In-
tegral intensities (square symbols) obtained by integrating the curves in Figs. 9.8(a)
and (b) from 44° to 90°, respectively. The integration range corresponds to the area
between the light lines of air and fused silica. Although the contribution of light that
is directly transmitted through the Ag layer is very small anyway, the chosen range
ensures that the contribution to the integral value mainly originates from SP emis-
sion. The lines were obtained from optical simulations for different Ag thicknesses in
steps of 5 nm. Details regarding the simulations will be explained in Sec. 9.3.4.

already occurs at 40 nm. This basically agrees with the result obtained by Winter and
Barnes, who found an almost similar thickness of around 50 nm for the highest peak
emission at a wavelength of 625 nm170.

Winter and Barnes mainly analyzed the prism coupling method in the context of a
potential application in biosensing170. In order to use this method for an optimization
of the light extraction from OLEDs, the integral intensity obtained at a certain Ag
thickness should be considered instead of the peak intensity. Therefore, Figs. 9.9(c)
and (d) display the intensities obtained by integrating the cross sections from 44° to 90°
at wavelengths of 530 nm and 625 nm, respectively. It is important to point out that
this result does not correspond to the total integral value over the complete hemisphere,
which would require a multiplication with sin θ prior to integration. Here, the angular
peak positions basically should be located at the same angle, so that a weighting with
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sin θ would not alter the result significantly. Hence, a simple integration over the angular
cross section is performed in order to analyze the influence of the Ag thickness.
The optimal value for highest integral intensity clearly shifts to a smaller Ag thickness

of about 40 nm and 30 nm, respectively. This can be explained by the narrowing of the
extracted SP dispersion with increasing Ag thickness. By comparing for instance the
peak and integral intensities in Fig. 9.9 for samples containing 30 nm and 70 nm Ag,
it is obvious that both samples have rather comparable peak intensities. However, the
sample with a Ag thickness of 30 nm has a significantly larger integral intensity because
the SP dispersion is much broader. Again, the optimal Ag thickness is smaller in the
case of 625 nm wavelength compared to 530 nm. This trend is probably caused by the
wavelength dependence of the optical constants of Ag, especially a larger extinction
coefficient κ at higher wavelengths, cf. optical constants in Sec. A.2.
The appearance of a maximum at a certain Ag thickness can be explained by two

competing effects170. On the one hand, the amount of power coupled to SPs and the
enhancement of the electric field at the metal surface increase with a larger Ag thickness.
On the other hand, the SP field that transmits through the Ag layer is more attenuated
with increasing Ag thickness. These effects will be explained more precisely in the
context of optical simulations in the following section.

9.3.4. Comparison to optical simulations

The optical simulation routine which was introduced in Chapter 5 can be used to study
the influence of the Ag thickness on the SP emission from a theoretical point of view.
Figure 9.10 shows the simulated result for four exemplary Ag thicknesses. The overall
agreement with the measured SP emission in Fig. 9.7 is very good. It should be noted
that the thickness of Alq3 was set to 32 nm in the simulations in order to reproduce the
angular position of the SP dispersion from Fig. 9.7. Although this thickness is close to
the experimentally determined value of 30 nm, it indicates that the thickness measured
by profilometry might be slightly underestimated.
Figures 9.11(a) and (b) display the cross sections of the simulations at wavelengths

of 530 nm and 625 nm, respectively. The result basically agrees with the experimentally
determined cross sections in Fig. 9.8. Again, the narrowing with increasing Ag thick-
nesses is obvious, as well as the occurrence of an optimal Ag thickness for maximum
peak and integral emission.
For a more detailed analysis, the Ag thickness was varied between 20 nm and 95 nm

in steps of 5 nm. The peak and integral intensities, obtained by summation between 44°
and 90°, were extracted at wavelengths of 530 nm and 625 nm. The result is shown to-
gether with the experimental values in Fig. 9.9. Apparently, the simulated result agrees
very well with the measured peak and integral intensities. Despite small differences in
the exact position, the simulation reproduces the findings that the optimal thickness is
smaller at a higher wavelength as well as that the maximum peak emission requires a
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Figure 9.10: Simulation of the p-polarized emission in analogy to Fig. 9.7 for dif-
ferent Ag thicknesses: (a) 20 nm, (b) 30 nm, (c) 40 nm, and (d) 80 nm. The Alq3

thickness was set to 32 nm in order to obtain the same angular position as in Fig. 9.7,
and the emitter was positioned at a distance of 20 nm to the Ag interface. A quantum
efficiency of q = 20 % was assumed for Alq3 in order to account for cavity effects, i.e.
the Purcell factor depends on the actual Ag thickness. The simulation was weighted
with a spectrum obtained from a PL measurement of a 50 nm thick Alq3 film on glass.
The optical constants used in the simulation are shown in Sec. A.2.

larger Ag thickness compared to the integral emission.

To understand the occurrence of an optimal Ag thickness, it is instructive to analyze
the optical power dissipation, as exemplarily shown in Fig. 9.12(a) for a sample compris-
ing 40 nm Ag and 32 nm Alq3. Apparently, the dominating loss mechanism is coupling
to two SP branches propagating at the Ag/Alq3 and the Ag/glass interface170. For
simplicity, the SP at lower in-plane wave vector value will be referred to as SP1, while
the other SP branch will be denoted by SP2. It can be seen that the SP1 branch almost
completely lies between the air and glass light lines, hence it is in principle possible to
partially extract these SPs by the prism coupling method. Only a small fraction of the
SP1 dispersion below about 470 nm crosses the glass light line and therefore cannot be
coupled out because the reversed Kretschmann configuration is no more fulfilled. On
the contrary, the dispersion of SP2 lies outside the glass light cone for all wavelengths,
thus it cannot be extracted at all, and all power dissipated into SP2 is eventually lost
as heat170.
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Figure 9.11: Cross sections of the simulated p-polarized emission from Fig. 9.10 and
of simulations comprising four additional Ag thicknesses, at wavelengths of (a) 530 nm
and (b) 625 nm.

In order to analyze the influence of the Ag thickness, Fig. 9.12(b) shows the cross
sections of the total p-polarized power dissipation (black lines) for eight exemplary Ag
thicknesses ranging from 20 nm to 90 nm at a wavelength of 530 nm. Apparently, the
SP2 branch shifts to smaller wave vector values with increasing Ag thickness. This
effect is connected to SP coupling, which was discussed in Sec. 7.1. Although the
effective SP index on the organic side is smaller than the refractive index of glass, some
coupling between SPs propagating at the Ag/Alq3 and the Ag/glass interface might
occur, especially for small Ag thicknesses when the SP dispersions are very broad.
Even though power dissipation to SP2 is rather strong for small Ag thicknesses, it is
strongly reduced with increasing Ag thickness. On the contrary, the power coupled into
SP1 continuously increases as the thickness of Ag rises and saturates for Ag thicknesses
larger than approximately 80 nm.

The red lines in Fig. 9.12(b) represent the fraction of p-polarized power that is ex-
tracted through the Ag layer into the glass substrate. With increasing thickness, the
ratio of extracted to dissipated power in the region of SP1 is more and more reduced.

By integrating over the dissipated and transmitted power within an in-plane wave
vector range of 1.19 × 107 m−1 ≤ kx ≤ 1.8 × 107 m−1, i.e. corresponding to the region
between the air and glass light lines, as indicated by the gray area in Fig. 9.12(b), the
result shown in Fig. 9.12(c) is obtained. Obviously, there are two competing effects.
On the one hand, the amount of power dissipated into SP1, i.e. the SP excitation
efficiency, increases with higher Ag thickness. On the other hand, the fraction of power
transmitted through the Ag, i.e. the SP extraction efficiency, decreases with increasing
Ag thickness. The combination of both contributions is calculated by multiplying the
excitation and extraction efficiencies. The result agrees very well with the dependence
of the integral emission at a wavelength of 530 nm shown in Fig. 9.9(c). Thus, it can
be concluded that the optimal Ag thickness for maximum integral emission is obtained
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Figure 9.12: (a) Total optical power dissipation for a sample comprising 40 nm Ag
and 32 nm Alq3. The horizontal line shows the wavelength of the cross section in
(b). The other lines represent the light lines for air and for the BK7 glass substrate.
The abbreviations SP1 and SP2 are used to distinguish both SP branches. (b) Cross
sections at 530 nm wavelength, showing a comparison of the p-polarized power dissi-
pation and the power that is transmitted through the Ag film into the glass substrate
(bottom emission) for eight exemplary Ag thicknesses. For reasons of clarity, the
cross sections are displaced with respect to each other. The shaded area indicates the
range between the air and glass light lines. (c) Normalized efficiency of SP excitation
and extraction as well as the product of both values, i.e. the combined efficiency. The
excitation efficiency was obtained by integrating the p-polarized power dissipation at
530 nm wavelength for Ag thicknesses ranging from 20 nm to 95 nm over the wave
vector range indicated by the gray area in part (b), i.e. between the air and glass light
lines. The values are normalized with respect to the simulation for 95 nm Ag thick-
ness. The extraction efficiency was computed by taking the ratio between the emitted
power and dissipated power, both integrated over the wave vector region marked in
part (b) of the figure.

for a Ag thickness, where both the excitation of SPs by dye molecules is strong as well
as the outcoupling of SPs through the Ag layer is high.

It should be emphasized that several factors have a strong impact on the simulated
power dissipation in the case of an emitter positioned close to a thin silver layer. Cer-
tainly, the optical constants of Ag influence the SP dispersion and the amount of ex-
tracted power. In addition, also the optical constants of Alq3 are important. Since the
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evanescent SP field penetrates into Alq3, the width of the SP dispersion is increased for
a higher extinction coefficient of Alq3. Furthermore, the cavity effect, i.e. the Purcell
factor, depends on the reflectivity and, thus, on the thickness of the Ag film. Therefore,
it is important to perform polychromatic simulations to account for the broad emission
spectrum, and to choose the right radiative quantum efficiency of the emitting system,
which was set to q = 20 % in this case63–66. It is also important to point out that the
upper limit of the in-plane wave vector in the simulations must be large enough to take
into account the power dissipation to both SP branches. This is especially important
for small Ag thicknesses, where the SP2 branch is located at high wave vector values.
Moreover, the position of the emitter has an impact on the simulation result because it

directly influences the interference condition of the emitting dipole and the Ag mirror213.
Certainly, it would be desirable to include a distribution of the emission zone to account
for the excitation of the whole Alq3 film by the laser. For such a simulation, it might
be required to differentiate between SPs and lossy surface waves. The latter decay
channel represents direct energy transfer of the dye to the metal135. It dominates
the power dissipation at small distances to a metal below about 10 to 20 nm25,109,213.
Therefore, the emitter was positioned at a distance of 20 nm from the Ag interface
to avoid coupling to lossy surface waves in the simulations. For an easier comparison
between measurement and simulation, it might be favorable to use only a thin emission
layer and a dielectric spacer213. Nevertheless, the good agreement between experimental
results and optical simulations is remarkable, although only a single emitter position
was assumed.
All in all, it was demonstrated by PL experiments as well as by optical simulations,

that the Ag thickness strongly influences the intensity of the extracted SPs, while the
angular position of the SP emission is hardly influenced at all. On the contrary, the
thickness of the Alq3 layer strongly alters the position of the SP dispersion, as was
shown by varying the Alq3 thickness between 20 nm and 40 nm.

9.4. Extraction of leaky modes

According to the absorption study shown in Fig. 9.2(a), the SP dispersion shifts out of
the glass light cone if the Alq3 thickness gets too large. Hence, SPs can no longer be
extracted by the prism coupling method, and energy coupled to SPs is lost. However, as
soon as the Alq3 thickness exceeds the cut-off thickness, a guided mode is supported by
the stack214. It is noteworthy that waveguide modes in a typical OLED stack propagate
inside the organic layers and ITO. Their in-plane wave vector is larger than the glass
light line, and the modes are guided between the metallic cathode and the dielectric
glass substrate.
However, it is possible to design a special simplified stack layout that permits the

investigation of guided leaky modes. Such a stack basically is comparable to what has
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been discussed in the previous sections, i.e. a structure comprising glass/Ag/Alq3/air.
Here, the Alq3 thickness must be larger in order to support a guided mode. In this
case, the mode is bounded by air and a finite Ag film, respectively. This has two
important consequences. First, total internal reflection at the boundary to air already
occurs for smaller in-plane wave vectors compared to a glass boundary. Second, the
semitransparent Ag film on the one hand offers enough reflectivity to create a guided
mode, on the other hand the transmittance is large enough in order to partially extract
the leaky mode into the glass substrate, thus allowing for an investigation of otherwise
inaccessible modes.

9.4.1. Variation of organic layer thickness

This section analyzes the dependence of extracted leaky modes on the thickness of the
Alq3 layer. The analysis is particularly interesting because the thickness determines
the number of s- and p-polarized modes that are supported by the stack. Therefore,
Figs. 9.13(a)–(f) present measurements of the polarized emission for three stacks having
a rather similar Ag thickness of 52–58 nm, but Alq3 thicknesses of approximately 110 nm,
210 nm, and 460 nm.
The s-polarized measurement of the sample comprising an Alq3 thickness of 110 nm,

shown in Fig. 9.13(a), demonstrates that a sharp guided leaky mode (TE0) can be
extracted by using the prism coupling approach. On the contrary, there is almost no
intensity in the p-polarized emission, because SPs can no more be extracted and the
stack is too thin to support p-polarized leaky modes. The strong leaky mode emission
is also apparent from the photograph shown in Fig. 9.14(a). The angular dispersive
emission ranging from red to blue color with increasing angle can be clearly identified.
The polarization of the extracted mode changes if the thickness of the Alq3 layer is

increased to 210 nm, as presented in Figs. 9.13(c) and (d). In this case, the dominating
optical channel is coupling to a p-polarized leaky mode (TM0). Here, the s-polarized
TE0 mode is shifted to larger angles. Therefore, only a small part of the mode can be
extracted in the wavelength regime above 600 nm. It is important to point out that
the emitter still couples to this mode over the whole spectrum of Alq3. However, for
wavelengths below 600 nm, the propagation angle of the mode inside the Alq3 film is
too large in order to be extracted by the prism coupling method. In other words, the
mode propagates at an in-plane wave vector which is larger than the glass light line. It
is noteworthy that the next s-polarized mode, i.e. the TE1 mode, already emerges in the
blue wavelength range. A photograph of the sample is displayed in Fig. 9.14(b). Since
the image shows the unpolarized emission, all modes are observable at once. Certainly,
the TM0 mode accounts for most of the emission intensity. Nevertheless, also the weak
TE0 emission at large angles in the red wavelength range can be seen, as well as a very
weak blue emission arising from the TE1 mode at rather small angles.
By further increasing the thickness of Alq3, the number of modes supported by the
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Figure 9.13: Measured s-polarized (left column) and p-polarized (right column)
emission of samples comprising glass/Ag/Alq3/air. The actual thicknesses deter-
mined by profilometry are (a),(b) 58 nm Ag and 111 nm Alq3, (c),(d) 58 nm Ag and
212 nm Alq3, and (e),(f) 52 nm Ag and 464 nm Alq3. The measurements for each
sample are normalized by the same factor. TEx and TMx indicate s- and p-polarized
modes, respectively, with x being the mode number.

structure increases. An example for an approximately 460 nm thick Alq3 film is shown
in Figs. 9.13(e) and (f) for s- and p-polarized emission, respectively. In this case, two
s-polarized modes (TE1 and TE2) and two p-polarized modes (TM1 and TM2) are
observable. In this case, the TE0 and TM0 modes are located at too large wave vectors
in order to be extracted into the glass prism.

In summary, the thickness of the Alq3 film influences the outcoupling of leaky modes
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(a) (b)

TE0

TE0

TM0

TE1

90°

0°

90°

0°

Figure 9.14: (a),(b) Top view photograph of the samples with an Alq3 thickness of
110 nm and 210 nm, respectively.The corresponding angular dependent measurements
are shown in Figs. 9.13(a)–(d). The angular region of each mode is roughly indicated
in each picture.

for two reasons. First, the thickness determines the angular position of the extracted
modes, similar to SPs. Moreover, the number of supported guided modes increases with
the thickness of the organic layer. In general, the TE mode of a specific mode number
emerges at a smaller thickness compared to the corresponding TM mode.

9.4.2. Variation of silver thickness

In analogy to the extraction of SPs, it can be expected that the thickness of the Ag film
has a strong impact on the intensity of the leaky mode emission. Therefore, a series of
samples comprising eight different Ag thicknesses between about 24 nm and 84 nm and
an Alq3 thickness of approximately 114 nm were prepared. The Alq3 layer was chosen
in such a way that exactly one mode, i.e. the TE0 mode, is supported by the stack.

The samples with varying Ag thickness in this section were prepared by using shadow
masks that cover half of the sample. By rotating the masks with respect to the sample,
it was possible to fabricate four different Ag layers on one sample. Afterwards, Alq3

was deposited on top of the Ag structure. This method has the advantage that the Alq3

layer has a very uniform thickness for all Ag thicknesses. However, changing the masks
for the Ag deposition required a vacuum break. Thus, it cannot be excluded that the
Ag layer was contaminated. The samples were excited by a 325 nm HeCd laser. The
laser light was guided to the sample by a glass fiber, which was attached to the rotary
table so that the excitation condition was kept constant during rotation.

The measured s-polarized emission and corresponding optical simulations for four
exemplary Ag thicknesses are shown in Fig. 9.15. An Alq3 thickness of 119 nm, i.e.
close to the measured value, was used in the simulations in order to reproduce the
measured angular position. The radiative quantum efficiency was set to q = 20 %, and
the emitter was positioned in the middle of the Alq3 layer.
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Figure 9.15: Measurement (left column) and simulation (right column) of the
s-polarized emission for four exemplary Ag thicknesses in a structure similar to the
basic stack layout glass/Ag/Alq3/air. The samples comprise around 114 nm Alq3 and
different Ag thicknesses as depicted in each graph. An Alq3 thickness of 119 nm was
used in the simulations in order to reproduce the measured angular position.
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Figure 9.16: (a) Cross sections of the measurements in the left column of Fig. 9.15
at a wavelength of 530 nm. (b) Cross sections of the optical simulations in the right
column of Fig. 9.15. In addition, the cross sections of measurements and simulations
for two additional Ag thicknesses are presented.

In the experimental result it can be seen that the width of the leaky mode emission
decreases with increasing Ag thickness. In addition, the maximum intensity has the
highest value for a Ag thickness of 42.5 nm. Thus, it seems that there is also a certain
Ag thickness where the emission from leaky modes is highest. However, the maximum
intensity rises only slightly in case of the optical simulations. Despite this discrepancy
in measured and simulated intensity, the overall shape of the measured leaky mode
dispersion agrees well between measured and simulated results.
A more detailed comparison between experiment and simulation can be seen in the

cross sections at a wavelength of 530 nm, as shown in Fig. 9.16. Especially for small Ag
thicknesses, the measured and simulated results differ considerably. It appears that the
Ag thickness, which was determined by profilometry, is overestimated. This probably
arises from the vacuum break during the deposition of the Ag layers. By using a smaller
value for the simulations, the measured curves could be reproduced reasonably well.
On the other hand, some features can be seen that are observed both in the measure-

ment as well as in the simulation. For instance, the peak in the cross section shifts to
larger angles for smaller Ag thicknesses, i.e. when the reflectivity of the semitransparent
Ag film is rather low. The consistency in angular position is an evidence for the uniform
Alq3 thickness obtained by this preparation method.
In addition, the width of the curves should be pointed out. Both in the measurement

and the simulation, the full width at half maximum typically is below 2° for larger Ag
thicknesses. Hence, emission from guided modes is considerably narrower compared to
SPs. This can be explained by the fact that the SP is damped more strongly than the
other guided modes which do not have their field maxima in the metal surface104.
The peak and integral intensities in a range from 44° to 90° at a wavelength of 530 nm

are shown in Figs. 9.17(a) and (b), respectively. Regarding the measured result (square
symbols), the behavior of leaky mode emission is rather similar to the extraction of SPs,
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Figure 9.17: (a) Measured (square symbols) and simulated (line) peak intensities
extracted from the cross sections in Figs. 9.16(a) and (b), respectively. In addition,
the result of two more measurements with samples having Ag thicknesses of 71 nm
and 84 nm are shown. (b) Measured (square symbols) and simulated (line) integral
intensities obtained by integrating the curves in Figs. 9.16(a) and (b), respectively,
from 44° to 90°. The integration range corresponds to the area between the light
lines of air and fused silica. For both graphs, additional simulations were evaluated
to obtain a smaller step size in Ag thickness of 5 nm.

i.e. an optimal Ag thickness for highest peak and integral emission exists, although the
optimal value is slightly smaller compared to SP emission. The general trend observed
in the peak and integral intensities obtained from optical simulations (black lines in
Fig. 9.17) agrees with the measured result. However, the optimum value in the simulated
case is clearly shifted to a smaller Ag thickness.

Several measures could be taken to improve the agreement between experiment and
simulation. First, it might be helpful to include a distributed emission zone in the simu-
lations instead of a single emitter position in order to account for the absorption profile
of the Alq3 layer in the measurement. It might also be necessary to consider that the
laser is partially reflected at the Ag layer depending on the actual Ag thickness. Hence,
the excitation intensity could be stronger in case of thick Ag films. This would result in
a higher intensity at larger Ag thicknesses in the measurement, which is in agreement
with the observed discrepancy. Finally, the experiment should be repeated by preparing
samples without vacuum break to ensure that the Ag layers are not contaminated. In
general, it would be beneficial to use an outcoupling prism made of BK7 glass (i.e. the
same material as the substrate) instead of fused silica, in order to extract all the light
inside the glass substrate.

Altogether, both the measurements and simulations confirm that the Ag thickness
strongly influences the intensity of the leaky mode emission which is extracted by the
prism coupling approach. A larger Ag thickness corresponds to a higher reflectivity
of the semitransparent mirror, thus reducing the fraction of light that is transmitted
through the Ag layer. According to the measurements, there is an optimal Ag thickness
for highest integral leaky mode emission.
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9.5. Conclusions

In summary, this chapter demonstrated the extraction of both SPs and guided leaky
modes by the prism coupling approach. It was shown that silver is the metal of choice
for extracting SPs, because this material has the lowest SP damping and absorption
in the visible region. Only in the case of emission in the blue range of the spectrum,
aluminum could also be considered as metal layer.
From the systematic variation of the Alq3 and Ag thicknesses, it can be concluded that

the Alq3 thickness mainly determines the angular position of the extracted SP mode
and has almost no influence on the intensity, which in turn is strongly influenced by the
thickness of the Ag layer. Two competing effects, i.e. stronger coupling to SPs versus a
reduced extraction efficiency with increasing Ag thickness, were discussed to explain the
occurrence of an optimal Ag thickness for highest peak or integral emission, the latter
being of particular interest for optimizing light extraction. It should be emphasized
that the Ag thickness for maximum integral emission is smaller than the value required
for highest peak emission. In order to maximize the overall extracted intensity with
this particular sample structure, a silver thickness of about 40 nm offers the best result.
In addition, the extraction of guided leaky modes was presented by using the prism

coupling technique, demonstrating that the width of the leaky mode emission is very
narrow. The dependence on the Alq3 and Ag thickness generally agreed with the extrac-
tion of SPs, though the optimal Ag thickness for maximum integral emission appeared
to be lower.
According to the simulations, a significant fraction of SPs can be extracted. Moreover,

photographs indicate that the emission from SPs as well as leaky modes is at least of the
same order as the direct emission on the opposite Ag side. Therefore, prism coupling is
a highly promising approach for increasing the light extraction in OLEDs.
However, as long as a prism made of fused silica or BK7 glass is used, the big drawback

of this method is that just the power located between the air and glass light lines can
be extracted. As a consequence, SP extraction only works for thin organic films. For a
complete OLED stack with several organic layers, the in-plane wave vector of the SPs
is too large. Hence, the SP dispersion is located outside the glass light cone and no
outcoupling into the prism is possible. Moreover, waveguide modes cannot be extracted,
because they are reflected at the glass substrate and, thus, propagate at larger in-plane
wave vectors than the glass light line.
Therefore, the following chapter introduces an advancement so that the basic prism

coupling idea can be transferred to OLEDs in order to recover SP and waveguide losses.
In order to achieve this, it is required to increase the refractive index of the substrate
and prism by using special glasses or transparent crystals. The fundamental results of
the present chapter, e.g. the influence of the Ag and organic thicknesses, are still valid
in case of “high-index coupling”.
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10. High-index coupling

This chapter introduces an advancement of the prism coupling approach in order to
apply this technique to OLEDs, which typically feature several organic layers so that
the SP dispersion is rather determined by the refractive index of bulk organic materials.
To fulfill the Kretschmann configuration, it is required to use materials for the substrate
and prism which have a refractive index that is larger than the refractive index of the
organic films, i.e. typically above n = 1.8. Since this method basically works in an
analogous way to the prism coupling approach, it will be denoted high-index prism
coupling, or simply high-index coupling215.

First, the basic principle will be explained. Next, the influence of the prism material
will be analyzed by using several materials with different refractive indices. Afterwards,
the high-index coupling approach will be applied to a simplified stack featuring a 200 nm
thick Alq3 layer. Furthermore, the extraction of waveguide modes and SPs will be
demonstrated for a real OLED device in PL measurements. Optical simulations will be
used to estimate an upper limit of the outcoupling efficiency. Finally, it will be discussed
how a technical implementation of this idea can be realized.

10.1. Basic principle

Figure 10.1 illustrates the basic principle of high-index coupling. Part (a) of the figure
illustrates the basic stack layout. This approach is based on the same idea as the prism
coupling method in the previous chapter, i.e. a reversed Kretschmann configuration is
used to extract SPs which are excited by organic dye molecules adjacent to a silver film.
In contrast to the previous chapter, the organic layer has no thickness restriction in this
case.
The schematic dispersion of SPs propagating at the Ag/organic interface for a thick

organic film is shown in Fig. 10.1(b). Apparently, the SP dispersion lies to the right of
the light line of normal glass. Hence, SPs cannot be coupled out by means of a normal
glass prism.
However, by using an appropriate transparent high-index material with a refractive

index n > 1.8, it is possible to extract SPs up to a certain angular frequency, which
is determined by the crossing point of the SP dispersion and the high-index light line.
Similarly, waveguide modes propagating inside the organic layer can be extracted as
leaky modes in the case of a high-index material with refractive index greater or equal
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Figure 10.1: (a) Basic stack layout for the high-index coupling approach. Here, both
the substrate and the prism are made of transparent materials with a refractive index
n > 1.8. This allows for extracting SPs and waveguide modes even in the case of thick
organic films. (b) Illustration of the high-index light cone and schematic dispersion
of SPs traveling at the interface between Ag and a thick organic layer. The dashed
lines represent the range of the light cones for air and normal glass.

to that of the organic layer. Altogether, power that is dissipated by the dye molecules
to SPs or waveguide modes can be partially recovered and extracted into air215.

The method can be explained in a very instructive way by studying the opposite light
path, i.e. light is incident from the prism side and partially absorbed upon reflection at
the interface between the high-index material and Ag. The absorption A is calculated
by A = 1 − R − T , with R and T being the reflectance and transmittance, which are
computed by the transfer-matrix method. The absorption for p- and s-polarized light
in the case of three different prism materials is presented in Fig. 10.2 for a wavelength
of λ = 530 nm.

In general, waveguide modes in a structure like glass/Ag/Alq3/Air must have an in-
plane wave vector kx in the range k0 ≤ kx ≤ (nAlq3

· k0), i.e. between the air light line
and the Alq3 light line104. Here, k0 = 2π/λ is the vacuum wave vector and nAlq3

is the
refractive index of Alq3. These limits can be converted into a corresponding angle θ
inside the prism by θ = arcsin[kx/(nP · k0)], with nP being the refractive index of the
prism material. The resulting boundaries are plotted in Fig. 10.2 as dashed vertical
lines. With increasing nP, the air and Alq3 light lines shift to smaller angles inside the
prism. It is noteworthy that the lowest SP wave vector is always slightly larger than
the air light line even for vanishing Alq3 thickness104. This is a consequence of the SP
dispersion relation. Similarly, the maximum SP wave vector for thick Alq3 films lies
above the Alq3 light line.

The absorption of light incident through a BK7 prism is rather similar to that of
fused silica, which was studied in detail in the previous chapter. For increasing Alq3

thickness, both the SP and waveguide modes can no longer be excited by the incident
radiation, because the in-plane wave vector of these modes becomes larger than the
light line of BK7.

On the contrary, by using a prism and a substrate made of SF6, the waveguide modes

166



10.1 Basic principle

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

0° 15° 30° 45° 60° 75° 90°
0

50
100
150
200
250
300
350
400
450
500 Absorption

Angle

 0.0

0.2

0.4

0.6

0.8

1.0

(b)

A
lq

 t
h
ic

k
n
e
s
s
 (

n
m

)
3

A
lq

 t
h
ic

k
n
e
s
s
 (

n
m

)
3

(d)

A
lq

 t
h
ic

k
n
e
s
s
 (

n
m

)
3

(f)

(a)
A

lq
 t
h
ic

k
n
e
s
s
 (

n
m

)
3

A
lq

 t
h
ic

k
n
e
s
s
 (

n
m

)
3

(c)

A
lq

 t
h
ic

k
n
e
s
s
 (

n
m

)
3

(e)

SP

TM0

TM1

TE1

TE0

TE2

SP

SP n =1.52
p-pol

 n = 1.52
s-pol

n = 1.82
p-pol

n = 1.82
s-pol

n = 2.28
p-pol

n = 2.28
s-pol

TE1

TE0

TE2

TE1

TE0

TE2

TM0

TM1

TM0

TM1

Figure 10.2: Calculated absorption of p-polarized (left column) and s-polarized
(right column) light at a wavelength of 530 nm in a stack similar to Fig. 10.1(a)
for different prism (and substrate) materials: normal glass (top row, nP = 1.52), SF6
glass (middle row, nP = 1.82), and LiNbO3 (bottom row, nP = 2.28). The thickness
of Ag is set to 40 nm. Here, light is incident through the prism side. The absorption
is plotted as a function of the angle inside the prism for varying thickness of the Alq3

layer. TMx and TEx refer to p- and s-polarized modes, respectively, with x being
the mode number. Surface plasmons are denoted by SP. The remaining optical con-
stants used for the calculation are n = 0.06 and κ = 3.4 for Ag, and n = 1.73 and
κ = 0.005 for Alq3. The left dashed vertical line was calculated by arcsin(1/nP), i.e.
it represents the maximum propagation angle of light in air converted to an angle
inside the prism. In the case of SF6 and LiNbO3, a second vertical line is plotted
at larger angles. It illustrates the maximum propagation angle of light in bulk Alq3

converted to an angle inside the prism, and it was computed by arcsin(1.73/nP). By
nature, waveguide modes are located between the air and Alq3 light lines. The third
vertical line at 61.8° in part (e) was calculated by using the SP dispersion relation for
an interface between bulk Ag and Alq3, cf. Eq. (4.15), and by converting the kx value
into an angle inside the LiNbO3 prism.
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10 High-index coupling

in the organic layer can be excited for all Alq3 thicknesses, because the in-plane wave
vector of waveguide modes propagating in an Alq3 layer is always smaller than the light
line of SF6 for the whole visible spectral range. In other words, the upper boundary for
waveguides (i.e. the Alq3 light line) lies within the prism light cone. However, coupling
of incident light to SPs is limited to Alq3 thicknesses below approximately 85 nm. For
thicker Alq3 films, the SP wave vector is larger than the maximum possible in-plane
wave vector of light in SF6.
When using lithium niobate (LiNbO3), coupling to waveguide modes is rather similar

to SF6, i.e. incident light can excite guided modes for all Alq3 thicknesses. Due to
the larger refractive index of LiNbO3 in comparison to SF6, the resonance angles shift
to smaller values. The most important difference between LiNbO3 and both other
materials is related to SPs. Here, the resonance angle does not shift out of the prism
light cone with increasing Alq3 thickness. Instead, above an Alq3 thickness of about
150 nm, the resonance angle approaches a rather constant value of approximately 61°,
which corresponds to a wave vector that is almost identical to the SP dispersion at an
interface between bulk Ag and Alq3. Therefore, by using a LiNbO3 prism, it is possible
to couple incident light to SPs for all thicknesses of Alq3.
Altogether, the increase of the in-plane wave vector of SPs and guided modes at a

larger thickness of the organic layers can be compensated by using a prism with higher
refractive index, i.e. by stretching the prism light cone to larger wave vectors.
Certainly, this has important consequences for the opposite optical path, i.e. the

reversed Kretschmann configuration. This geometry will be used to enhance light ex-
traction from normally bound modes by the high-index coupling technique. According
to the findings from the absorption study, the extraction of SPs and waveguide modes
should be possible for all organic layer thicknesses, provided that the refractive index
of the prism material is large enough.

10.2. Sample preparation and experimental setup

The samples investigated in the following sections were prepared using three different
substrates. First, cleaned glass microscope slides with a size of 20 × 20 mm2 and a
thickness of 1mm were used as normal BK7 glass substrates. Second, samples were
prepared on cleaned SF6 substrates having a size of 15 × 15 mm2 and a thickness of
1.5mm. These two types of samples were attached to appropriate half-spheres made
of BK7 or SF6 with a diameter of 25mm and 30mm, respectively, by index-matching
gels (Cargille Optical Gel with nD = 1.52 or Cargille Refractive Index Liquid Series M
nD = 1.795). Third, in the case of LiNbO3, it was also attempted to use thin LiNbO3

substrates and to attach them to the half-sphere by an index-matching melt (Cargille
Refractive Index Melt Series GH with nD = 2.24). However, the index-matching melt
is a very brittle solid at room temperature. Even upon heating, it had a low viscosity.
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10.2 Sample preparation and experimental setup

Laser excitation

Rotation stage
Long-pass
filter and
polarizer

0°

+90°

Collimator

Spectrometer

-90°

-180°

Direct bottom
emission
(-90° to -180°)

Emission from SPs
and leaky modes
(+90° to -90°)

Figure 10.3: Experimental setup (top view) for the high-index coupling method. A
375 nm cw laser diode was used to excite the Alq3 layer through a 375 nm band-pass
filter. Light was extracted in this reversed Kretschmann configuration by means of
half-spheres made of BK7, SF6 and LiNbO3, respectively. The sample and attached
half-sphere as well as the laser were mounted on a computer-controlled rotation stage.

As a consequence, it was not possible to obtain thin index-matching layers. Since
the transmission through the layer is proportional to the thickness, the layer remained
rather intransparent. It should be mentioned that in general the transmittance for this
material almost completely vanishes below a wavelength of about 600 nm even for thin
films. Above all, the index-matching melt is chemically very aggressive. It is arsenic
based and, thus, highly toxic. Therefore, the samples were directly prepared on a
LiNbO3 half-sphere having a diameter of 30mm, instead of attaching a substrate to the
sphere by index-matching melt.
The Ag films were deposited by thermal evaporation in a vacuum of approximately

2× 10−7 mbar at a rate of 1.5Å/s. The Alq3 layers were fabricated by thermal evapora-
tion in a vacuum of typically 2×10−7 mbar at a rate of 1.2Å/s. The samples using BK7
and SF6 substrates were encapsulated by using a cover glass and either a two-component
glue or a UV-curing epoxy with small spacers to form a small inert gas cavity. In the
case of the LiNbO3 half-sphere, the organic layer was encapsulated by attaching a cover
glass with the aid of double-sided adhesive tape, which had an opening in the center.
Although this encapsulation was not perfect, it offered at least some protection and
allowed for reusing the expensive half-sphere.
Figure 10.3 illustrates the experimental setup. In order to measure the angular depen-

dent emission intensity, the samples were mounted on a computer-controlled rotation
stage. The angles specified in the measurements either refer to angles in air (for direct
emission) or to angles inside the particular prism (for emission measured through the
prism). The excitation laser was rotated together with the samples so that the excitation
condition was kept constant during the measurement. In some cases, the measurement
was performed over a range of 270° in order to compare direct bottom emission (-90°
to -180°) with top emission arising from extracted SPs and leaky modes (-90° to 0°
and similarly 0° to 90°). A long-pass filter (400 nm cut-off wavelength) was utilized to
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Figure 10.4: (a) Schematic illustration of the stack layout used to study the in-
fluence of the prism material. The Ag thickness is about 40 nm, the Alq3 layer is
approximately 30 nm thick. Due to the thickness of the substrate, the emission at
large angles cannot be completely extracted in top direction, i.e. into the half-sphere.
(b),(c),(d) Measured p-polarized top emission for BK7, SF6 and LiNbO3 half-spheres,
respectively. According to the definition of angles in Fig. 10.3, the presented angular
range actually runs from -30°to -90°. However, the negative sign is omitted for reasons
of clarity.

protect the spectrometer from the laser beam. In some measurements, the emission
was detected through a polarizer in order to distinguish between p- and s-polarized
radiation.

10.3. Influence of prism material

Although the implementation of a high-index prism allows for extracting both SPs as
well as waveguides, the basic principle is better illustrated by solely comparing the SP
emission angle in case of thin organic films for different prism materials. The basic stack
layout is shown in Fig. 10.4(a). The samples comprise about 40 nm Ag and 30 nm Alq3

and were prepared on BK7 and SF6 substrates, which were attached to a corresponding
half-sphere. In addition, the same structure was directly deposited onto a half-sphere
made of LiNbO3. The thickness of Alq3 is too small in order to support waveguides so
that only emission from SPs is expected.
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10.3 Influence of prism material

The p-polarized measurement is presented in Figs. 10.4(b)–(d). It can be seen that the
SP emission clearly shifts to smaller angles with increasing refractive index of the prism
material. In case of LiNbO3 in Fig. 10.4(d), the SP emission is located between around
35° and 60°, and also emission in the blue wavelength range down to almost 450 nm
can be detected. It should be mentioned that emission from SPs was sometimes also
detected in an s-polarized measurement if a half-sphere made of LiNbO3 was utilized.
This effect can be explained by the birefringence of LiNbO3. Here, the optical axis of the
half-sphere is not known. Hence, depending on the orientation, the polarization of light
can be changed during propagation through the half-sphere, similar to the principle of
a half-wave plate.

In comparison to the measurements which were presented in Fig. 9.5(b) for a fused
silica half cylinder prism, the SP dispersion in Fig. 10.4(b) lies at larger angles although
both samples should comprise 30 nm Alq3. Furthermore, by using a BK7 sphere instead
of a fused silica half cylinder, the emission angle should be shifted to smaller values.
The most probable explanation is that the Alq3 thickness of all samples analyzed in
Fig. 10.4 is larger than intended. Nevertheless, this does not matter as long as the Alq3

thicknesses of the samples with BK7, SF6 and LiNbO3 spheres are comparable, because
only the relative shift of the SP emission is important in this section.

Moreover, the behavior of the SP emission in Fig. 10.4(b) for angles above 80° deserves
a comment. According to the light paths illustrated in Fig. 10.4(a), the emission above
a certain angle leaves through the edge of the BK7 substrate and is then partially
reflected at the bottom side of the sphere. Therefore, almost no emission is detected
above 80°. This effect also happens in Fig. 10.4(c). However, in this case, the emission
at large angles is almost zero anyway. On the contrary, emission over the whole angular
range can be detected if Ag and Alq3 are directly deposited onto the sphere, as in the
measurement in Fig. 10.4(d). Just as well, this effect is not observable if a fused silica
prism is applied to a BK7 substrate, as in the previous sections. Due to the difference
in refractive index of fused silica and BK7, only light propagating in BK7 at angles
smaller than arcsin(1.46/1.52) ≈ 74° can enter the fused silica prism. Thus, the critical
angles above 80° are not detectable at all in this case.

For a more detailed analysis of the influence of different prism materials, Fig. 10.5
presents cross sections of the measurements in Figs. 10.4(b)–(d) at a wavelength of
600 nm. It is clearly apparent that a larger refractive index of the prism shifts the peak
of the extracted SPs to smaller angles. In addition, information about the refractive
indices can be obtained by comparing the relative peak positions. For the measurement
with the BK7 sphere, the peak angle occurs at θ = 68.4°. Assuming a refractive index
of n = 1.516 for BK7 at a wavelength of 600 nm, the corresponding SP wave vector can
be calculated to kSP = 1.516 · k0 · sin 68.4° = 1.476 × 107 m−1. Using this result as a
fixed value, the refractive indices for SF6 and LiNbO3 can be computed from the peak
positions of θ = 47.8° and θ = 38.5°, respectively, by the relation n = kSP/(k0 · sin θ).
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Figure 10.5: Cross sections of the measurements in Figs. 10.4(b)–(d) at a wavelength
of 600 nm.

Refractive indices of approximately 1.9 and 2.26 are obtained for SF6 and LiNbO3,
respectively. Although the value of LiNbO3 matches the expected value quite accurately,
the result for SF6 is larger than the expected value of about n = 1.8. The difference
probably arises from the positioning of the samples. Due to the difficult mounting and
alignment of the half spheres, an angular error of around 4° must be considered. In
addition, small deviations in the thickness of the Alq3 layer between different samples
as well as an influence of the finite thickness of the substrate on the emission angle
cannot be ruled out.
Nevertheless, the measurements for different prism materials clearly confirm the basic

principle, which was expected from the absorption study in Fig. 10.2. The implemen-
tation of a high-index prism considerably shifts the SP emission to smaller angles.
Consequently, it should be possible to extract SPs even for thicker organic films, as will
be demonstrated in the following section.

10.4. Extraction of surface plasmons and waveguide modes

In order to investigate the extraction of SPs and waveguides even for thick organic films,
this section analyzes a sample comprising 40 nm Ag and 200 nm Alq3. The layers were
directly deposited on a LiNbO3 half-sphere, as shown in Fig. 10.6(a). The Ag thickness
of 40 nm was chosen in order to obtain both a high peak and integral SP emission in
the green wavelength regime according to the results in the previous chapter.
The measurement was performed without polarizer to detect the p-polarized SP emis-

sion as well as the s- and p-polarized waveguide mode emission at once. The result is
displayed in Fig. 10.6(b). The angular range from -180° to -90° shows the direct bottom
emission, i.e. the emission that would also be obtained without high-index coupling.
This emission feature is very broad and only has a weak angular dispersion. On the
other hand, the top emission exhibits several sharp and dispersive modes. In detail,
emission from three waveguide modes, which are normally trapped inside the thick or-
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Figure 10.6: (a) Stack layout of the sample investigated in this section. The bottom
emission is measured from -180° to -90°, while the top emission on the high-index side
is detected from -90° to 0° and as additional control also from 0° to 90°. (b) Mea-
surement of the unpolarized emission. The horizontal line marks the wavelength of
the cross section in part (c), while the vertical dashed lines indicate the boundaries
at -90°and 0°. (c) Cross section of the measurement at a wavelength of 530 nm.
The colored areas represent the integration borders for direct bottom emission (DB),
direct top emission (DT), waveguide mode emission (WG), and surface plasmon emis-
sion (SP). It should be noted that no substrate modes exist in this stack, because the
thick Alq3 layer is bounded by air. The actual normal direction on the high-index
side is displaced by about -4.5°.

ganic layer, can be detected as leaky modes in the high-index half-sphere. Due to a
reduced cut-off thickness at smaller wavelengths, one of the modes is mainly located at
wavelengths below about 520 nm. In addition, strong emission from SPs is apparent at
angles of more than 50° with respect to normal direction on the high-index side.
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10 High-index coupling

Figure 10.6(c) shows a cross section of the measurement at a wavelength of 530 nm, i.e.
close to the emission maximum of Alq3. It is apparent that the emission intensity arising
from SP and waveguide extraction is on the same order of magnitude as the intensity
of the bottom emission. The different intensities of the SP emission at positive and
negative angles probably arises from the optical anisotropy of the LiNbO3 half-sphere
or from the experimental setup and positioning. In addition, the positioning of the
half-sphere can cause differences in emission intensity during rotation of the sample.
Moreover, the half-sphere also complicates the exact alignment of the sample. As a
consequence, the top emission in normal direction is detected at about -4.5° instead
of 0°.

For a profound comparison of the experiment to optical simulations, it is necessary
to take into account the different excitation conditions over the whole Alq3 layer, which
occur in the measurement due to the laser absorption profile of Alq3. Therefore, the
simulation was performed at ten different emitter positions having a distance to the
Ag interface between 20 nm and 200 nm in steps of 20 nm. The absorption profile of
Alq3 was calculated from the absorption coefficient of approximately 4.35 × 104 cm−1,
cf. Fig. 2.3 and Ref. [64]. This corresponds to a reduction of the laser intensity to 1/e
of its initial value over a distance of 230 nm, hence causing a nonuniform absorption
profile. In addition, it must be kept in mind that the laser is incident under 45°. Due to
refraction, this corresponds to a propagation direction of approximately 24° in Alq3 with
respect to the surface normal. Moreover, about 80% of the remaining laser intensity is
reflected at the Ag interface and propagates back through the Alq3 layer. To consider all
these effects, the simulations are weighted according to the actual excitation intensity
at each emitter position. It should be noted that also the different Purcell factors must
be taken into account, because the decay rate of an emitter depends on the distance to
the Ag layer. An isotropic emitter orientation was used and q = 20 % was assumed for
the radiative quantum efficiency63–66.

By using this simulation procedure, the cross section in Fig. 10.7 is obtained for
the unpolarized emission at a wavelength of 530 nm. By comparing the result to the
experimentally determined cross section in Fig. 10.6(c), it is apparent that the angular
positions of the extracted SPs and waveguides fits quite well if the displacement of
the normal direction by -4.5° in the measurement is considered. However, the direct
bottom emission shows a different angular dependence in the simulation compared to
the measurement. Moreover, the width of the extracted modes is narrower in the
simulations. This might result from either a too low absorption in the optical constants
of Alq3 used in the simulations, or a broadening of the measured emission peaks due to
the finite angular resolution and the size of the laser spot of approximately 1.5×2.5 mm2,
or due to the optical anisotropy of the LiNbO3 half-sphere. Nevertheless, the overall
trend is reproduced quite well by the simulation.

The colored regions in Fig. 10.6(c) and Fig. 10.7 divide the cross sections into four
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Figure 10.7: Cross section at a wavelength of 530 nm obtained from optical simula-
tions for a stack as shown in Fig. 10.6(a). A series of emitter positions was assumed,
each weighted according to the absorption profile of the 200 nm thick Alq3 layer. De-
tails of the procedure are explained in the text. Since the simulated waveguide modes
were extremely narrow, i.e. full width at half maximum below 1°, adjacent averaging
over ±1° was performed to obtain the displayed cross section. The marked regions
correspond to the same emission types as in Fig. 10.6(c).

emission types: direct bottom emission (DB), direct top emission (DT), waveguide
mode emission (WG), and surface plasmon emission (SP). In the case of the simulation,
the boundaries between regions (DT), (WG), and (SP) were obtained according to the
refractive indices of air and Alq3 in relation to LiNbO3. However, in the context of the
measurement, the boundaries can differ from the expected value. If the positioning of
the LiNbO3 half-sphere is not exactly on the same height as the incidence and detection
plane, and if the excitation spot is not exactly centered, the half-sphere can cause
focusing or expanding of the emission. Moreover, the measured emission peaks might
be broadened, as discussed above. Therefore, the boundaries in the measurement were
set to reasonable positions, i.e. to the bottom of the slope of the waveguide peak for the
boundary between (DT) and (WG), and at the minimum between the surface plasmon
and waveguide peaks for the border between (WG) and (SP).

By integrating over each region, it is possible to analyze the total emission intensity on
the top side in relation to the direct bottom emission. Here, the emission is in principle
spherically symmetric, if the optical anisotropy of LiNbO3 is neglected. Therefore, the
cross sections were multiplied with (sin θ) prior to integration (cf. Eq. (A.2) in the
appendix). In addition, the measured angular positions on the high index side were
shifted by +4.5° to account for the displacement of the normal direction.

The integral results are listed in Table 10.1. It is found that the measured direct
top emission on the high-index side, i.e. through the 40 nm thick Ag layer, amounts
to about 2.4% of the direct bottom emission. More interestingly, the emission arising
from the outcoupling of waveguide modes makes up around 40% and 94% according
to the measurement and simulation, respectively. The emission intensity obtained from
the extraction of SPs amounts to approximately 46% and 117% in the measured and
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10 High-index coupling

Type of emission Measurement
Fig. 10.6(c)

Simulation
Fig. 10.7

Direct bottom emission (DB) 100% 100%
Direct top emission (DT) 2.4% 7.7%

Waveguide mode emission (WG) 40.0% 94.1%
Surface plasmon emission (SP) 45.8% 117.3%

Table 10.1: Total emission intensities obtained by multiplying the cross sections in
Fig. 10.6(c) and Fig. 10.7 with (sin θ) and integrating over the different regions. The
values are specified relative to the direct bottom emission, which was set to 100%. The
experimental values represent the average over the corresponding regions at positive
and negative angles.

simulated cross section, respectively. Apparently, the measured values on the high-
index side are smaller by a factor of about 2.5–3. This discrepancy probably arises
from a too large direct bottom emission in the measurement, which could be caused
by a larger Ag thickness than expected or from an inaccurate alignment of the sample.
Moreover, the LiNbO3 half-sphere has previously been covered with different Ag and
organic layers, which were removed by a cleaning process. In fact, the appearance of
the LiNbO3 surface slightly changed during this process. Thus, it is likely that the
surface of the LiNbO3 half-sphere has a certain roughness. Consequently, more light
was probably extracted in bottom direction through scattering at the rough surface.
This effect could also explain the different angular dependence of the measured and
simulated direct bottom emission.
Nevertheless, the experiment demonstrates that the total emission can be increased by

around 85% by recovering losses from SPs and waveguides. In other words, the overall
emission is almost doubled in comparison to the case without high-index coupling.
According to the simulations, the outcoupling could even be enhanced by more than
200%.
To provide an insight into the physical processes that govern the extraction of SPs

and leaky modes, the total power dissipation as well as the transmitted power into both
hemispheres at a wavelength of 530 nm is presented as a cross section in Fig. 10.8. The
borders at approximately 1.19 × 107 m−1, 2.06 × 107 m−1, and 2.70 × 107 m−1 mark
the light lines of air, Alq3, and LiNbO3, respectively. These borders divide the power
dissipation into different regions similar to the angular cross sections above. It should
be mentioned that the simulated integral values listed in Table 10.1 can be directly
calculated by integrating over the different regions in Fig. 10.8.
Moreover, these borders determine the in-plane wave vector limit, up to which light

can be emitted into both hemispheres. For the direct bottom emission, only radiation
up to the air light line can be extracted. On the contrary, the implementation of the
LiNbO3 half-sphere in principle allows for extracting light up to the LiNbO3 light line.
As a consequence, power that is dissipated at in-plane wave vector values larger than
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Figure 10.8: Total power dissipation of a stack according to Fig. 10.6(a) at a wave-
length of 530 nm. In addition, the graph shows the transmitted power into both
hemispheres, i.e. the direct bottom emission on the organic side of the Ag interface,
and the top emission on the high-index side. The simulations are performed for a
series of emitter positions to consider the absorption profile of the Alq3 layer in the
experiment. The marked regions refer to the same type of emission as in Fig. 10.6(c).
Region (SP2) refers to power that is dissipated at in-plane wave vectors that lie outside
the LiNbO3 light cone and, hence, cannot be extracted at all by high-index coupling.

the LiNbO3 light line, i.e. region (SP2) in Fig. 10.8, cannot be coupled out and, thus, is
definitely lost. It is apparent that the main contribution in this region is coupling to a
mode centered at an in-plane wave vector of 3.87× 107 m−1. This refers to the surface
plasmon mode that propagates at the interface between Ag and LiNbO3. Fortunately,
the power dissipated to the SP2 mode is about seven times smaller in comparison to
the SP mode at the Ag/Alq3 interface.

In the context of the power dissipated to direct emission in the in-plane wave vector
range up to the air light line, i.e. regions (DB) and (DT), around 88.0% of the total
power is transmitted into bottom direction and approximately 6.8% is transmitted
through the Ag layer into top direction. The remaining power is lost due to absorption in
Alq3 or due to reflection losses at the Ag layer. As a matter of course, the power coupled
to modes above the air light line can only be extracted into the LiNbO3 half-sphere. In
detail, about 35.8% of the power dissipated to waveguide modes in region (WG) can
be extracted into the half-sphere. Concerning SPs, i.e. region (SP) and (SP2), 45.3%
of the dissipated power can be coupled out into the prism. Considering that the power
above the LiNbO3 light line is completely lost, this number implies that roughly half
of the power coupled to SPs at the Ag/Alq3 interface is extracted by the high-index
coupling approach for this particular stack layout. Certainly, especially the thickness of
the Ag layer will significantly influence the extraction efficiency of SPs and waveguide
modes. This will be discussed in Sec. 10.6.

It is noteworthy that the total power dissipated to waveguides is almost identical to
the power which is coupled to SPs in this particular stack layout. This is due to the
fact that a large fraction of the laser intensity is already absorbed in the Alq3 layer
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10 High-index coupling

far away from the Ag interface, i.e. at distances where coupling to SPs is weak. In
a common OLED stack with an emitter located in the first cavity maximum, i.e. at
a typical distance of 50–70 nm to the cathode, considerably more power is coupled to
SPs than to waveguides. Consequently, also the emission from extracted SPs should be
much higher than emission arising from waveguide modes.
To summarize this section, it was demonstrated that the high-index coupling method

allows for extracting a significant fraction of SPs and waveguide modes even for an Alq3

layer with a thickness of 200 nm. For further experiments, it might be favorable to use
a thin emitting layer sandwiched between two spacer layers in order to have a specified
emitter position and a fixed distance from the Ag layer26. It should be emphasized
that the SP dispersion for an Alq3 layer with a thickness of 200 nm is virtually similar
to that of a bulk layer or, similarly, to the case of a real OLED with several organic
layers. Thus, the high-index coupling approach should in principle be applicable to
actual OLED devices.

10.5. Application to OLEDs

The objective of this thesis is to find ways to enhance the light extraction in OLEDs.
After having demonstrated that high-index coupling serves the purpose of extracting
both SPs as well as waveguide modes, the next step is to apply this technique to real
OLED devices. Therefore, a state-of-the-art OLED was provided in the framework of
the BMBF funded project “TOPAS 2012”. Figures 10.9(a) and (b) display the stack
layout and the EL spectrum of the OLED, respectively. It is apparent that this white-
emitting OLED exhibits a broad emission spectrum, spanning over more than 200 nm
across the visible range.
In a normal bottom-emitting OLED, which usually features an Al or Ag cathode

with a thickness of 100 nm or more, the waveguide modes are bound inside the organic
layers and ITO, i.e. they propagate between the thick cathode and the interface to the
glass substrate, where they are totally reflected. The dispersion of SPs at the metallic
cathode is determined by the adjacent organic layers. Therefore, both the waveguide
modes as well as the SPs have an in-plane wave vector of more than (norganic · k0), with
a refractive index of the organic layers of typically norganic = 1.8. Of course, it is not
possible to extract these modes into the glass substrate (nglass ≈ 1.5) in the case of
planar devices. Hence, the power dissipated to SPs and waveguide modes is lost in such
an OLED structure.
In contrast to a normal bottom-emitting OLED, the device in Fig. 10.9(a) comprises

an only 30 nm thick Ag cathode. By applying an appropriate high-index outcoupling
structure having a refractive index larger than the organic layers, it should be possible
to extract some of the bound modes into the high-index region. The chosen Ag thickness
of 30 nm is on the one hand thick enough to offer a good conductivity, on the other hand
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Figure 10.9: (a) Stack layout of the white OLED investigated in this section. The
abbreviations refer to electron transport layer (ETL) which includes a thin hole block-
ing layer, three separate emission layers (EML blue, green, and red), electron blocking
layer (EBL), and hole transport layer (HTL). The anode is made of indium-tin oxide
(ITO), and the cathode consists of a 30 nm thick Ag layer. The active area of the
OLED is about 1.67 cm2. Emission on the glass side is denoted as bottom emission,
while top emission describes the radiation that is coupled out through the Ag cathode.
(b) Electroluminescence (EL) and photoluminescence (PL) spectrum of the OLED.
The EL spectrum was measured in bottom direction at a luminance of 1000 cd/m2

under electrical operation (spectrum provided within the “TOPAS 2012” project). A
375 nm cw laser diode was used to excite the emission layers in order to obtain the
PL spectrum, which represents the average of two measurements over a range from 0°
to 30° with respect to the normal in bottom direction. The spectrum was corrected
to account for the calibration of the experimental setup.

this thickness allows for extracting a considerable fraction of waveguide modes and SPs.
The influence of the Ag thickness on the direct emission into air was tested within the

“TOPAS 2012” project using a series of OLEDs having Ag thicknesses of 30 nm, 40 nm,
and 150 nm. Since the reflectivity of the Ag layer decreases with smaller thickness,
the bottom emission is slightly reduced in the case of 30 nm and 40 nm thick Ag films
compared to the OLED comprising 150 nm Ag. However, simultaneously the direct
emission in top direction through the thin Ag layer increases. Without outcoupling
structures, the total external quantum efficiency at a luminance of 1000 cd/m2 is reduced
for the OLEDs with 40 nm and 30 nm Ag by about 3% and 6%, respectively, relative
to the OLED having a Ag thickness of 150 nm. As a consequence, the overall efficiency
of the OLED with 30 nm thick Ag can be increased, if the additionally extracted light
from waveguide modes and SPs amounts to more than 6% of the total direct emission.
As discussed above, it was not possible to use the index-matching melt with n = 2.24

due to its opacity and reactivity. Hence, a half-sphere made of SF6 was applied to the top
side by an index-matching liquid with n = 1.795. Although this liquid also damaged the
OLED layers, it was possible to perform measurements for roughly one hour. Regarding
the bottom side, a BK7 half-sphere can be attached to the glass substrate in order to
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extract substrate modes into bottom direction. Because of the size of the spheres, it
was not possible to contact the OLED and measure the light emission under electrical
operation. Thus, a 375 nm cw laser diode was used to excite the emission layers. Since
the hole transport layer absorbs UV light, the excitation by a laser from the bottom side
requires a thin HTL, as in the case of the OLED in Fig. 10.9(a). PL excitation from the
top side is impossible because the SF6 half-sphere and the index-matching liquid absorb
UV light. The spectrum obtained under PL excitation is plotted in Fig. 10.9(b). In
comparison to the EL spectrum, it can be seen that the blue emission peak dominates
the spectrum, while almost no emission from the green EML is detected.

Figure 10.10 presents top view photographs of the OLED with several combina-
tions of applied outcoupling structures. In the case of the completely bare OLED
in Fig. 10.10(a), it is apparent that the direct bottom emission has no angular dis-
persion and a uniform white color. The directly emitted light in top direction, i.e.
through the 30 nm thick Ag layer, has a considerably lower intensity. This is also true
for Fig. 10.10(b), where a BK7 half-sphere was attached to the glass substrate on the
bottom side. Here, substrate modes are extracted into the bottom direction, hence the
top emission appears even weaker in relation to the strong bottom emission.

The images in Figs. 10.10(c) and (d) show the same situation as part (a) and (b),
respectively, but with an SF6 half-sphere attached to the top side. It is clearly apparent
that the application of the SF6 half-sphere completely changes the emission on the top
side. Now, several intensive and angular dispersive features are observable. According
to optical simulations and polarized emission measurements, these modes arise from
the outcoupling of two waveguide modes (WG1 and WG2) and even from extracted
SPs. In detail, the waveguide mode denoted by WG1 is located at the smallest angular
positions. Only blue emission can be seen from this mode. In contrast, the waveguide
mode WG2 spans across the whole spectrum with increasing angle, i.e. from red over
green to blue. Finally, SP emission at large angles close to 90° is only obtained in the
red wavelength region.

At first, it seems surprising that emission from SPs can be detected at all, because SPs
propagating at the interface to thick organic films (assuming norganic = 1.8) exhibit a
dispersion relation that requires a high-index material and a corresponding outcoupling
structure with a refractive index of more than 1.8 in order to extract SPs. However, due
to the finite thickness of the Ag film and an almost similar refractive index on both sides
of the Ag layer, SP coupling takes place, as described in Sec. 7.1. As a consequence
of this effect, the SP dispersion is shifted to smaller wave vectors and, thus, can be
partially extracted into top direction. It is important to point out that the extracted
SP emission occurs at very large angles. Therefore, only a small fraction can be actually
extracted. In addition, with the current high-index structure, the recovery of SP losses
is not possible in the green and blue wavelength regime. Here, the SP dispersion is still
located at too large wave vectors and cannot be coupled out into the SF6 half-sphere.
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Figure 10.10: (a)–(d) Top view photographs of the white OLED with different com-
binations of attached outcoupling structures, i.e. BK7 and SF6 half-spheres attached
to the bottom and top side, respectively. The configuration for each photograph is
illustrated in the small figure next to each picture. The black area in the middle of
each picture is caused by the clamp that is used to position the half-spheres and to
fix them on the Teflon platform, which in turn is mounted on a rotation stage. The
bottom emission in (a) and (b) appears to have a reddish color, because the pictures
were taken in a dark room and, thus, the white balance slightly varies for each photo-
graph. The abbreviations WG1, WG2, and SP refer to the two extracted waveguide
modes and emission from SPs, respectively.
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Figure 10.11: Cross section of the angular dependent direct emission at a wavelength
of 600 nm in the case of the bare OLED (without attached outcoupling structures) and
without polarizer. The angles from -180° to -90° correspond to bottom emission, while
emission between -90° and 0° is measured on the top side of the OLED. The emission
intensity around -135° and -45° was increased due to reflections of the incident laser
beam. These peaks have been manually subtracted.

Nevertheless, the photographs demonstrate that the high-index coupling technique can
be successfully applied to real OLED devices.

A very interesting situation occurs in Fig. 10.10(c). Here, the SF6 sphere is applied on
the top side, but no BK7 half-sphere is attached to the bottom side of the OLED so that
the substrate modes are totally reflected at the substrate/air interface. Consequently,
some additional substrate mode emission transmits through the Ag layer and is coupled
out into top direction.

Besides the photographs, the angular dependent emission was detected by means
of a computer-controlled rotation stage. Figure 10.11 presents a cross section at a
wavelength of 600 nm in the case of the completely bare OLED, i.e. corresponding to
the photograph in Fig. 10.10(a). In this case, no sharp emission peaks are observable.
Apparently, the direct emission through the 30 nm thick Ag layer is very weak compared
to the bottom emission.

In order to determine the integral emission in top and bottom direction, the cross
section first has to be multiplied with (sin θ), cf. Eq. (A.2) in the appendix. By inte-
grating over the whole angular range, it is found that approximately 92.5% of the total
intensity is emitted in bottom direction and only 7.5% is emitted through the Ag film
into top direction.

The angular dependent spectrally resolved emission for the OLED with attached
SF6 half-sphere on the top side is presented in Fig. 10.12. All optical modes which
were already observed in the photograph in Fig. 10.10(c) can also be identified in the
measurement. While the bottom emission between -180° and -90° is rather broad and
shows almost no dispersion, the extracted emission from waveguide modes and SPs
shows a strong angular dispersive behavior. In addition, emission arising from substrate
modes, which partially pass through the Ag layer, is detected in top direction at angles
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Figure 10.12: (a) Angular dependent spectrally resolved measurement of the OLED
emission with attached SF6 half-sphere on the top side. The measurement was per-
formed without polarizer. The abbreviations WG1, WG2 and SP refer to the same
modes as in Fig. 10.10(c). The higher emission around -135°, -45° and +45° results
from transmission and reflections of the incident laser beam. (b) Similar to (a), but
for a wavelength range from 530 nm to 700 nm and adjusted intensity scale. The hori-
zontal lines mark the wavelength of the cross sections in Fig. 10.13, while the vertical
dashed lines indicate the boundaries at -90°and 0°.

around ±30°. The polarization of the extracted modes was investigated by additional
polarized emission measurements. It was found that WG2 is s-polarized, while WG1
and of course the extracted SP emission are p-polarized.

As mentioned above, the index-matching liquid with n = 1.795 absorbs some of the
light in the blue and green wavelength range. This effect is apparent by comparing
the angular dependent emission intensity in Fig. 10.12(a) for e.g. 500 nm and 600 nm.
Although the direct bottom emission is much higher at 500 nm wavelength, the emis-
sion from the extracted WG2 mode is larger at 600 nm wavelength. Certainly, it can
be assumed that the power that is initially coupled to guided modes and plasmons is
also larger at 500 nm. However, a large fraction of the light is absorbed by the index-
matching layer before it passes into the SF6 half-sphere. Consequently, the further
discussion concentrates on the red spectral range. In this wavelength regime, it can be
assumed that most of the recovered waveguide and SP emission can be ultimately cou-
pled out and detected. The corresponding rescaled emission measurement is displayed
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Figure 10.13: Cross sections of the measurement in Fig. 10.12(b) at wavelengths
of (a) 600 nm and (b) 650 nm. The increased intensity around -135°, -45° and +45°
due to the transmitted and reflected laser has been manually subtracted. The regions
corresponding to different emission types are denoted by direct bottom emission (DB),
direct top emission (DT), substrate mode emission (SM), waveguide modes (WG), and
surface plasmons (SP).

in Fig. 10.12(b).

A detailed analysis of the intensity of each mode can be obtained from cross sections,
as shown in Figs. 10.13(a) and (b) at wavelengths of 600 nm and 650 nm, respectively.
As discussed above, emission from SPs is more efficient for larger wavelengths. In this
case, the SP emission is located at smaller angles. This can also be seen by comparing
both cross sections. At a wavelength of 650 nm, the peak emission from extracted SPs
is shifted by about 4° compared to the peak at 600 nm wavelength, and the relative
intensity is significantly increased. However, it is likely that considerably more emission
from SPs could be extracted with a higher refractive index on the top side.

A comment should be made regarding the substrate mode emission. According to
the refractive index ratio of air (n = 1) and the high-index material (SF6, n ≈ 1.8),
the substrate mode emission should occur at angles above around 33.7°. However, here
the substrate mode emission in top direction can already be detected at angles below
25°. This is a result of the optical path of the substrate modes. First, the radiation
propagates at an oblique angle through the substrate to the glass/air interface, where
it is totally reflected. When the light travels back and passes through the Ag layer into
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Type of emission Cross section at
600 nm

Cross section at
650 nm

Direct bottom emission (DB) 100% 100%
Direct top emission (DT) 1.9% 1.9%

Substrate mode emission (SM) 15.7% 16.8%
Waveguide mode emission (WG) 22.8% 16.0%
Surface plasmon emission (SP) 7.8% 16.4%

Table 10.2: Total emission intensities obtained by integrating over the different re-
gions in the cross sections in Figs. 10.13(a) and (b). All values are specified relative
to the direct bottom emission, which was set to 100%. The values represent the av-
erage over the corresponding regions measured at positive and negative angles. The
cross sections were multiplied with (sin θ) prior to integration to compute the integral
emission over all azimuthal angles. In addition, the measured angular positions on
the top side were shifted by +1° so that symmetric peaks with respect to the surface
normal were obtained.

the high-index material, it is no more in the center of the SF6 half-sphere. As a conse-
quence, the emission does not impinge under normal incidence on the SF6/air interface.
This causes refraction and, thus, a modification of the emission angle. Altogether, the
emission is focused to smaller angles. Therefore, it partially overlaps with the direct
top emission. Moreover, the finite size of the laser spot even enhances this effect.
By integrating over the different regions marked in Figs. 10.13(a) and (b), the total

intensity in each region can be compared to the direct emission that would also be ob-
tained without high-index coupling. The result is listed in Table 10.2. As a consequence
of the integration boundaries and the focused substrate mode emission, a few percent of
the direct top emission is mistakenly counted as substrate mode emission. Nevertheless,
the overall intensity of the OLED is significantly enhanced compared to the total direct
emission. In fact, the recovery of waveguide mode and SP losses increases the total
intensity by approximately 30%. If also the additional emission from substrate modes
is taken into account, the overall increase in intensity amounts to more than 45%.
This enhancement is remarkable for two reasons. First, the actual OLED device rep-

resents a device structure that is already designed to obtain a very high direct emission.
Certainly, it is not straightforward to further increase the overall light extraction. Sec-
ond, the refractive index of the high-index material is just large enough to extract the
waveguide modes and a small fraction of the power dissipated to SPs. It is expected
that considerably more SP emission could be extracted by using a material with higher
refractive index.
In the context of the OLED discussed in this section, it would be promising to perform

optical simulations in order to further analyze the measured results. However, the
actual thickness of the index-matching layer is unknown. Thus, the absorption of this
layer cannot be taken into account in polychromatic simulations. Instead of comparing
this particular OLED to optical simulations, the general dependence of the high-index
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10 High-index coupling

coupling on several parameters will be investigated by means of optical simulations in
the following section.

10.6. Efficiency prediction by optical simulations

In the context of high-index coupling, the most important parameters are the refractive
index nHI of the high-index region and the thickness of the Ag film. Taking the OLED
from the previous chapter as a starting point, optical simulations are performed to
investigate the physical processes in detail. Using an OLED stack in the simulations
has the advantage that the location of the emitter is rather well defined due to the
narrow emission region. Since the simulations are performed monochromatically at a
wavelength of 600 nm, the emitter is positioned in the middle of the red emission layer.
Figure 10.14(a) presents the stack layout for investigating the influence of the refrac-

tive index of the high-index region. In order to thoroughly analyze the results, the total
emission is divided into bottom and top emission, i.e. emission into the direction of the
substrate and the high-index region, respectively. The bottom emission can be divided
into direct bottom emission (DB) and substrate bottom emission (SB). In detail, DB
corresponds to power dissipated in an in-plane wave vector range of 0 ≤ kx ≤ k0, with
k0 ≈ 1.047 × 107 m−1 being the vacuum wave vector. The substrate bottom emission
describes light that has an in-plane wave vector between the air light line (kx = k0)
and the glass light line (kx ≈ 1.51 · k0). Similarly, the direct and substrate top emission
(DT and ST) cover the same in-plane wave vector ranges, but the emission occurs into
the high-index region. In addition, the top emission comprises two more contributions,
which are denoted waveguide modes (WG) and surface plasmons (SP).
It is noteworthy that it is not straightforward to define the border between waveguide

modes and SPs, because the in-plane wave vector of waveguide modes depends on the
combination of all organic layers and ITO. To complicate the picture, the dispersion of
waveguides and especially SPs is broadened and both modes may overlap. Therefore, the
border between WG and SP is manually determined by the minimum position between
both adjacent modes. Even if some emission is accidentally assigned to SPs instead of
waveguides or vice versa, this does not change the overall emission that is additionally
extracted by high-index coupling, because it is desirable to extract both waveguides as
well as SPs.
The total power dissipation for nHI varying between 1.5 and 2.5 in steps of 0.1 is

plotted in Fig. 10.14(b). Regarding the waveguide mode at about kx = 1.67× 107 m−1,
it can be seen that the position of the waveguide mode is constant for all values of nHI.
The power coupled to the waveguide mode is only slightly changed with varying nHI.
On the contrary, the SP dispersion is strongly influenced. In fact, two SP branches
can be identified in the graph, owing to the existence of two Ag interfaces. Besides the
surface plasmon branch next to the waveguide mode (denoted by SP in the graph), a
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Figure 10.14: Influence of the refractive index nHI of the high-index region on the
high-index coupling method studied by optical simulations. The refractive index
is varied between 1.5 and 2.5. The simulations are performed monochromatically
at a wavelength of 600 nm. (a) OLED device structure and definition of optical
modes emitted in top and bottom direction. The detailed OLED layout is similar to
Fig. 10.9(a). In particular, the Ag layer has a fixed thickness of 30 nm. A quantum
efficiency of q = 100 % and an isotropic emitter orientation are assumed. (b) Total
power dissipation. The gray area indicates the high-index light cone. SP2 denotes
the second surface plasmon branch located at larger wave vectors. (c) Detail of (b)
showing the total power dissipation as well as the emission in bottom and top direc-
tion. Here, the simulations are also displaced in horizontal direction for reasons of
clarity. (d) Angular dependent unpolarized top emission.

second branch (SP2) can be seen at larger in-plane wave vectors. For nHI = 1.5, most
of the power is coupled to SP2, which in this case can be regarded as SPs propagating
at the Ag/organic interface. With increasing nHI, both SP branches shift to larger wave
vectors. As soon as the refractive indices on both sides of Ag are almost equal, i.e.
nHI ≈ 1.7 − 1.8, coupling of both SP branches occurs (cf. Sec. 7.1). For even higher
nHI, the first SP branch takes a rather fixed position around kx = 2.08 × 107 m−1,
while SP2 continuously shifts to higher kx values. In this case, the SP branch at lower
kx can be assigned to the Ag/organic interface, while SP2 propagates at the interface
between Ag and the high-index region. Of course, the SP2 branch can never be extracted
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and all power dissipated to SP2 is definitely lost. Fortunately, coupling to SP2 strongly
decreases with increasing nHI. Consequently, this unfavorable optical channel represents
no limitation to the efficiency of this coupling method.

The gray area in Fig. 10.14(b) illustrates the high-index light cone, which is deter-
mined by 0 ≤ kx ≤ (nHI · k0). This defines the maximum in-plane wave vector that can
be extracted into the high-index region. Apparently, a certain value of nHI is required
in order to extract waveguide modes or even SPs. This is more obvious by calculating
the light that is transmitted through the Ag film into the high-index region, i.e. the
top emission, which is depicted in Fig. 10.14(c) as blue curves. In the context of SPs,
an even larger refractive index of nHI > 2.0 is necessary to efficiently extract power
coupled to SPs. The graph also shows the bottom emission (red curves). Of course,
only direct and substrate emission contribute to light extracted into bottom direction
because waveguide modes and SPs are not allowed to propagate in the substrate.

In terms of an application, it is important to know the angular dependent emission
in top direction, which can be computed by converting the in-plane wave vector values
into an angle inside the high-index region. The result is presented in Fig. 10.14(d). Ob-
viously, emission from waveguides and SPs is strongly non-Lambertian. Hence, certain
measures must be taken in order to obtain a uniform emission profile, as will be dis-
cussed in the next section. With increasing nHI, the emission of each mode is shifted to
smaller angles, i.e. the light is extracted at an angle closer to normal direction. Regard-
ing the direct bottom emission (not shown), the angular dependence of the emission is
close to Lambertian and virtually unchanged. In detail, the maximum and minimum
intensity of the bottom emission for all values of nHI differ by less than 1%. This is an
important finding that implies that the direct bottom emission of the OLED is almost
completely independent of the high-index region for a constant Ag thickness of 30 nm.
Thus, any additionally extracted emission in top direction enhances the overall light
extraction.

The efficiency of the high-index coupling technique can be estimated by integrat-
ing over the kx range that corresponds to each optical mode. The result is shown in
Fig. 10.15(a). The values are given relative to the direct bottom emission. This is a
good reference value because it represents the amount of extracted light which would
also be obtained without a high-index region on top of the Ag film. As a result of this
normalization, the assumed radiative quantum efficiency (here q = 100 %) has no influ-
ence on the comparison of different simulations. Due to the 30 nm thick Ag layer, the
direct and substrate emission in top direction are significantly smaller compared to the
bottom emission. Regarding the dependence on nHI, the direct and substrate emission
in top as well as bottom direction show a rather constant behavior.

In contrast, the waveguide mode emission depends on the actual value of nHI. As
discussed above, a refractive index of about nHI ≥ 1.7 is required to extract most of the
WG emission. For even larger values, this emission approaches a value of almost 40%
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Figure 10.15: (a) Integral intensity of all extracted modes in Fig. 10.14(c) relative
to the direct top emission, which changes by less than 1% between all simulations.
(b) Fraction of power coupled to all optical channels. The contribution to each mode
is split into two parts to differentiate between power that is lost and power that can
be extracted. In addition, the direct and substrate emission are further divided into
the fraction on the bottom and top side by horizontal dashed lines, where the smaller
fraction represents the emission in top direction. The outcoupling efficiency is given
by the sum of direct, substrate, WG extracted, and SP extracted.

relative to the direct bottom emission. It should be pointed out that the minimum nHI

required for extracting the waveguide mode generally depends on the effective index of
the mode and, thus, on the actual device structure.

Regarding the emission from SPs, an even more pronounced dependence on nHI can be
seen. Emission from SPs is not observed for a refractive index nHI < 1.8. However, for
higher values, the SP emission strongly increases and approaches an emission intensity
of more than 150% relative to the direct bottom emission.

In order to estimate the overall efficiency of high-index coupling, the extracted power
is compared to the total dissipated power, as shown in Fig. 10.15(b). The power in
each mode is split into a fraction that can be extracted as free-space radiation in either
bottom or top direction, and a fraction that cannot be coupled out and, thus, is finally
lost. It can be seen that roughly 20% of the total power is extracted as direct emission.
The same applies to substrate emission. Only a small amount of power from these
optical modes is lost due to absorption in the device. Concerning extracted emission
from waveguide modes, approximately 7% of the total power can be coupled out into
the high-index region, provided that the refractive index is large enough. The extracted
radiation arising from SPs even amounts to almost 30% for an optimal value of nHI.
By adding all extracted modes, the total outcoupling efficiency ηout is obtained. While
ηout takes a value of about 20% (direct emission only) or 40% (direct emission and
substrate emission) for small values of nHI, a total outcoupling efficiency of more than
75% is achieved for the highest simulated value of nHI = 2.5. In other words, the overall
intensity is almost doubled with respect to the sum of direct and substrate emission.

If no outcoupling structure is applied to the bottom side of the OLED, the additional

189



10 High-index coupling

emission from waveguides and SPs is roughly twice as large as the bottom emission.
Thus, the total intensity is tripled by means of high-index coupling, if all of the emission
in the high-index region could be extracted into air. Moreover, in this case the substrate
bottom emission will be reflected at the substrate/air interface. Due to the Ag thickness
of 30 nm, a certain fraction of light will be transmitted through the Ag film into the
high-index region, hence increasing the emission on the high-index side even further.

It is also interesting to analyze the fraction of waveguides and SPs which can be
extracted as free-space radiation. By comparing the extracted power and the lost power
in Fig. 10.15(b), it is found that roughly 44% of all waveguide modes and 68% of SPs
can be coupled out, given that the refractive index of the high-index region is around
nHI = 2.5. Even for a more moderate value of nHI = 2.2, around 40% of all waveguides
and 60% of SPs can be extracted according to the simulations.

Besides the refractive index nHI of the high-index region, the thickness of the Ag
film is an important parameter that determines the efficiency of high-index coupling.
In order to study the influence of the Ag thickness, optical simulations are performed
with a Ag thickness varying between 10 nm and 60 nm in steps of 5 nm, as schematically
illustrated in Fig. 10.16(a). A constant nHI = 2.3 is assumed for the simulations, because
this value is high enough to allow for extracting both waveguide modes as well as SPs.
Moreover, several promising transparent materials are available with a refractive index
of 2.3 or larger in the visible spectral range216. Besides LiNbO3, for instance titanium
dioxide (TiO2) or strontium titanate (SrTiO3) could be implemented. The remaining
OLED layers are similar to the OLED stack from the previous section.

The total optical power dissipation is presented in Fig. 10.16(b). For a small Ag
thickness, the peaks corresponding to the waveguide mode and the SP mode are very
broad and overlap. With increasing Ag thickness, both optical modes become consider-
ably narrower. It should be noted that the SP dispersion is located at smaller kx values
for thin Ag layers. This effect reduces the value of nHI which is required to extract SPs
in case of Ag films with a small thickness. Regarding the second SP branch (SP2), it
can be seen that coupling to this mode is very weak in comparison to the power dissi-
pated to waveguides and to the first SP branch. The position of SP2 shifts to very high
wave vectors with decreasing Ag thickness. For a 10 nm thick Ag film, the maximum
of the SP2 peak is located at about kx = 6.65 × 107 m−1. Although this peak is not
recognizable due to the scaling in Fig. 10.16(b), the upper kx limit in the simulation
should be set to at least 8× 107 m−1 to include coupling to this optical channel.

Figure 10.16(c) shows the part of the total power dissipation that lies within the light
cone of the high-index region with nHI = 2.3. In addition, the transmitted emission in
top and bottom direction is presented. Concerning the direct and substrate emission
(kx < 1.58 × 107 m−1), it can be seen that a certain fraction is emitted into the high-
index region as long as the Ag layer is thin. With increasing Ag thickness, the emission
transmitted through the Ag film decreases. Regarding the recovery of waveguide and
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Figure 10.16: Influence of the Ag thickness on the high-index coupling method stud-
ied by optical simulations. The thickness of the Ag layer is varied between 10 nm and
60 nm. The simulations are performed monochromatically at a wavelength of 600 nm.
(a) OLED device structure and definition of optical modes emitted in top and bot-
tom direction. The refractive index of the high-index region is set to 2.3. A quantum
efficiency of q = 100 % and an isotropic emitter orientation are assumed. (b) To-
tal power dissipation. The gray area indicates the high-index light cone. (c) Detail
of (b) showing the total power dissipation as well as the emission in bottom and top
direction. (d) Angular dependent unpolarized top emission.

SP losses, of course only emission into the high-index region takes place. Apparently,
the emission strongly depends on the Ag thickness, i.e. almost the complete dissipated
power can be extracted for small Ag thicknesses, while the ratio of extracted power to
dissipated power decreases with increasing Ag thickness.

The angular dependent emission into the high-index region is shown in Fig. 10.16(d).
Here, the position of the extracted waveguide and SP emission is rather constant. How-
ever, the peak intensity and width of the emission are considerably influenced by the
actual thickness of the Ag film.

Figure 10.17(a) illustrates the dependence of the high-index coupling efficiency on
the Ag thickness, which is estimated by integrating over appropriate kx ranges in
Fig. 10.16(c). All values are given relative to the total direct emission, i.e. the sum

191



10 High-index coupling

(b)(a)

10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
e
la

ti
v
e
 i
n
te

n
s
it
y

Ag thickness (nm)

 DB
 SB

 DT
 ST

 WG  SP

10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
tio

n
 o

f 
p
o
w

e
r

Ag thickness (nm)

Direct

Substrate

WG extracted

SP extracted

Direct+ Subs. lost 

WG lost

SP lost

Figure 10.17: (a) Integral intensity of all extracted modes in Fig. 10.16(c) relative
to the sum of direct top and bottom emission. (b) Fraction of power coupled to all
optical channels. The contribution to each mode is split into two parts to differentiate
between power that is lost and power that can be extracted. In addition, the direct
and substrate emission are further divided into the fraction on the bottom and top
side by horizontal dashed lines. The outcoupling efficiency is given by the sum of
direct, substrate, WG extracted, and SP extracted.

of direct bottom and direct top emission, because this value varies by less than 1% for
all simulations. It can be clearly seen that direct emission as well as substrate emission
occur in both directions, but the emission in top direction quickly diminishes with in-
creasing thickness of the Ag film, because the reflectance of the Ag layer increases and
the transmittance decreases.

The dependence of waveguide modes on the Ag thickness is basically similar to the
direct and substrate top emission, i.e. the relative intensity monotonically decreases
with increasing Ag thickness. On the contrary, the emission arising from SPs first rises
and reaches a peak at 20–25 nm Ag and then decreases. This behavior can be explained
by two competing effects. On the one hand, coupling to SPs increases as the Ag layer
gets thicker. On the other hand, the fraction of SPs that can be extracted gets smaller
with increasing Ag thickness. Altogether, this leads to a certain Ag thickness that
corresponds to a maximum SP emission.

However, for an OLED the total light extraction should be maximized, not only the
emission arising from single modes like recovered SPs. Therefore, Fig. 10.17(b) shows
the extracted power in relation to the dissipated power (i.e. the outcoupling efficiency
ηout). According to the optical simulations, a maximum ηout of more than 90% could
be obtained for the smallest Ag thickness of 10 nm. In this case, one third of the light
is emitted in bottom direction and two thirds in top direction. More than half of the
total emission arises from recovered waveguides and SPs. This clearly illustrates the
enormous potential of the high-index coupling approach.

In terms of an application, a certain minimum Ag thickness might be required for
good charge transport and to obtain a strong emission in bottom direction. For in-
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Figure 10.18: (a) Dispersion relation of the s-polarized waveguide mode and of SPs
in a stack similar to Fig. 10.9(a) except for a bulk Ag cathode. The emitter is
positioned closer to the Ag cathode at a distance of 35 nm to increase coupling to SPs,
thus simplifying the determination of the SP dispersion. In addition, the light lines
for materials having refractive indices of 1.0, 1.8, 2.3, and 2.8 are shown. (b) Effective
mode index of waveguides and SPs. The values are calculated by neff = (kx/k0),
with kx being the in-plane wave vector of waveguides or SPs from part (a) of the
figure, and k0 describing the vacuum wave vector for a certain angular frequency.
For wavelengths above approximately 740 nm, the waveguide mode becomes a leaky
mode, i.e. it can partially escape into the glass substrate.

stance, in the case of a 30 nm thick Ag film, the emission in bottom direction is only
slightly reduced in comparison to a bulk Ag cathode. Nevertheless, due to the high-
index coupling, the total light extraction can be almost doubled in comparison to the
bottom emission alone, still yielding a very high ηout of more than 70% according to the
simulations. Even if the radiation cannot be completely extracted from the high-index
region due to some reflection or absorption losses, the outcoupling efficiency still could
be significantly enhanced.

A comment should be made regarding the substrate emission. If no outcoupling
structure is applied to the substrate of the OLED, the substrate emission will be totally
internally reflected at the substrate/air interface. As a consequence, the radiation is
guided between the substrate and the Ag film, and a certain amount of light is trans-
mitted through the Ag layer upon each reflection. Hence, the substrate emission can
be partially extracted into the high-index region, thus further increasing the emission
into top direction.

Up to now, the simulations discussed in this section were performed monochromati-
cally at a wavelength of 600 nm. In the context of white OLEDs with a broad emission
spectrum, it is necessary to discuss the influence of the wavelength on the high-index
coupling technique. Therefore, Fig. 10.18(a) shows the dispersion of the main waveguide
mode as well as of SPs in a typical OLED structure. In order to extract waveguides and
SPs into a high-index material, the light line of the high-index region must lie at a larger
in-plane wave vector compared to the dispersion of waveguides and SPs, respectively.
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10 High-index coupling

A more detailed picture can be obtained by converting the dispersion relations into
an effective mode index. This value corresponds to the minimum refractive index of a
high-index region which is required to extract waveguides and SPs, respectively. The
result is plotted in Fig. 10.18(b). Regarding the effective mode index of waveguides,
it can be seen that a refractive index of about nHI = 1.8 is sufficient to extract the
waveguide mode. Only in the deep blue wavelength range a slightly higher refractive
index would be required. It should be noted, however, that the dispersion of waveguide
modes depends on the actual stack layout, in particular on the refractive indices and
thicknesses of the organic layers and ITO.

In the context of SPs, a higher refractive index of the high-index material allows for
extracting SPs down to smaller wavelengths, i.e. higher frequencies. In detail, a rather
moderate refractive index of nHI ≈ 2.0 is required to convert SPs into free-space radia-
tion for wavelengths above 600 nm. For extracting SPs down to wavelengths of around
500 nm, the high-index material must have a refractive index of approximately 2.3. It
is apparent from Fig. 10.18(b) that the recovery of SPs by high-index coupling becomes
more challenging at smaller wavelengths as a result of the SP dispersion in this range.
Furthermore, the effective mode index only describes the maximum of the SP disper-
sion. Due to the width of the dispersion, an even slightly higher refractive index should
be used.

Using common metal oxides like TiO2 as high-index material allows for converting SPs
into light for a broad range of wavelengths spanning the entire visible spectrum except
for the blue and blue-green range. Nevertheless, waveguide modes can still be extracted
in the blue wavelength range, thus increasing the outcoupling efficiency for the entire
spectrum. In fact, optical simulations using a blue emitter spectrum predict that high-
index coupling allows for increasing the outcoupling efficiency to about 60%, if nHI = 2.3

and a Ag thickness of 30 nm are assumed and if substrate modes are extracted. Around
1/3 of this value can be attributed to high-index coupling. By performing separate
simulations for blue, green, and red emitters, an overall outcoupling efficiency for white
OLEDs of well above 65% can be estimated.

Moreover, several measures can be taken to improve SP extraction. First, the im-
plementation of an Al cathode could be advantageous to extract SPs in the deep blue
wavelength range because the SP dispersion at an interface to Al is located at smaller
kx values in comparison to an interface to Ag. However, this would probably strongly
reduce the extraction efficiency in the green and red wavelength range. Second, by using
a Ag film with a finite thickness of a few tens of nanometers, the SP dispersion shifts to
smaller kx values compared to a thick Ag film. Hence, a smaller value of nHI is sufficient
to extract SPs for a certain device layout. Finally, the SP dispersion can be influenced
by the organic materials close to the cathode. By using materials with a low refractive
index, the dispersion can be further shifted towards smaller kx values.

194



10.7 Technical implementation of high-index coupling

Ag

OLED

Substrate

Scattering
particles

(a) (b)

High-index layer

SP emission Waveguide
emission

Direct emissionDirect emission

SP emission Waveguide
emission

Rough
surface

Figure 10.19: Schematic illustration of two concepts to extract light from a high-
index layer. (a) Rough surface at the interface between the high-index layer and air.
(b) Scattering particles implemented into the high-index layer.

10.7. Technical implementation of high-index coupling

In order to enhance light outcoupling in commercial OLEDs, it is required to find a
way to combine high-index coupling with large-area OLEDs. As a matter of course, it
is not practicable to apply large outcoupling structures like half-spheres. Fortunately,
a very recent and promising way of encapsulating OLEDs is perfectly suited to be
combined with high-index coupling. Meyer et al. proposed to use thin film barriers
of metal oxides fabricated by atomic layer deposition, which allows for uniform high-
quality coatings217,218. Moreover, it is possible to use many different metal oxides and
to tailor the properties of such an encapsulation219,220. It is noteworthy that a capping
layer has no influence on the electrical properties of the device172.

This leaves only two challenges to be solved. First, the thickness of the cathode must
be reduced. Usually, bottom-emitting OLEDs have a Ag or Al cathode with a thickness
of 100 nm or more. Since Ag has an excellent conductivity, it should be possible to
reduce the film thickness to 30 nm or even less. However, the second challenge is more
complex. Once the light is extracted into the high-index layer, it must be coupled out
into air. This is not straightforward, since the radiation recovered from waveguide and
SP losses is emitted at angles which lead to total internal reflection at the interface
between the high-index layer and air. If the light is reflected and again impinges on
the Ag film, it is reabsorbed into waveguides and SPs, respectively. Hence, the total
internal reflection at the interface to air must be overcome.

Figure 10.19 illustrates two possible methods that could solve this issue215. First,
the interface can be corrugated so that light is incident under a range of angles and
partially coupled out into air, as depicted in Fig. 10.19(a). Even if light is still reflected,
it is likely that the direction of propagation is changed. Thus, light can no more be
reabsorbed into waveguide modes or SPs because energy and momentum conservation
cannot be fulfilled. In principle, such a surface structure can consist of a periodic
corrugation, as discussed in the context of grating coupling in Chapter 8. However, for
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many applications it would be advantageous to implement a random grating in order to
turn the strongly dispersive emission from waveguides and plasmons into an isotropic
emission. Such a structure could be obtained for instance in an etching process, by
laser structuring, by mechanical roughening, or by intentionally producing rough films
by adjusting the deposition conditions.

A second approach is presented in Fig. 10.19(b). Here, scattering particles are im-
plemented into the high-index layer in order to scatter light so that it arrives at the
interface to air at an angle smaller than the critical angle of total internal reflection.
For scattering to occur, there must be a refractive index contrast between the scattering
particles and the surrounding medium. Generally, metallic nanoparticles offer a high
contrast, but it is also possible to embed nanoparticles made of a metal oxide. For
instance, it was reported that titanium dioxide nanoparticles can be dispersed into a
polymer matrix221. Moreover, nanoparticles can even be combined with an epoxy222,
thus also offering an encapsulation effect. Another interesting approach is the imple-
mentation of phosphor particles in the high-index layer to obtain both a scattering effect
as well as partial color conversion35,37. Finally, it is worth mentioning that the imple-
mentation of scattering particles may improve the angular dispersive emission arising
from waveguides and SPs, similar to the effect of a rough surface.

It should be pointed out that all outcoupling structures discussed above cannot com-
pletely extract the emission from the high-index layer because some radiation still suffers
total internal reflection and may be absorbed in the high-index layer or at the Ag in-
terface. Thus, the results from the optical simulations represent an upper limit to the
outcoupling efficiency. Furthermore, reflection losses occur upon propagation from a
high-index medium to air even at angles below the critical angle of total internal re-
flection. According to Eq. (3.41), a notable reflectance of around 15.5% is obtained
under normal incidence on the interface, assuming nHI = 2.3 for the high-index layer
and n = 1.0 for air. These losses can be reduced by implementing additional layers
with gradually decreasing refractive index222. For instance, by simply adding a PMMA
layer with nPMMA ≈ 1.5 on top of the high-index layer, the reflection losses are 4.4%
and 4.0% for the high-index/PMMA and the PMMA/air interface, respectively. Thus,
the overall reflection losses are reduced to almost half the initial value. By adding more
layers with optimized refractive index, the losses can be further decreased222.

It should be mentioned that several reports exist in literature that describe the ap-
plication of a high-index capping layer in order to modify the transmittance of a thin
cathode depending on the thickness and the refractive index of the dielectric capping
layer, as demonstrated for instance by Riel et al.76,172. However, the extraction of
waveguide modes or SPs was neither intended nor observed, and the capping layer was
just used to optimize the emission through the cathode223.
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10.8. Conclusions

In summary, the outcoupling of SPs by the high-index coupling approach was studied
in this chapter. It is important to point out that the extraction works for organic layers
with arbitrary thicknesses as long as the refractive index nHI of the transparent high-
index material is larger than the refractive index of the organic layers. Moreover, this
technique allows for extracting waveguide modes into the high-index layer.

The basic principle was illustrated by varying the refractive index of the substrate
material and by extracting SPs and waveguide modes from a 200 nm thick Alq3 film,
thus demonstrating almost a doubling of the total light extraction.

Furthermore, the high-index coupling method was successfully applied to real OLED
devices studied under PL excitation. The outcoupling efficiency ηout in the red wave-
length range could be enhanced due to the recovery of SP and waveguide losses by
approximately 30% compared to the direct bottom emission of the OLED. In addi-
tion, the substrate modes were partially extracted into the high-index region, which
increased the total efficiency enhancement to almost 50%. The successful outcoupling
of waveguide modes and SPs was also visualized by photographs.

It is important to emphasize that both the index-matching liquid as well as the
refractive index nHI still significantly limited the extraction of SPs. Nevertheless, this
result demonstrates the considerable potential of the high-index coupling approach.

Optical simulations were performed to investigate the influence of both the refractive
index nHI and the Ag thickness. In general, a larger value of nHI shifts the emission from
SPs and waveguides to smaller angles. Moreover, coupling to the second SP branch at
the interface between Ag and the high-index region is strongly reduced for larger nHI,
thus reducing losses to this unfavorable mode.

A theoretical outcoupling efficiency of ηout > 80 % can be achieved by using thin Ag
films, a high-index material having nHI = 2.3, and by outcoupling of substrate modes.
Even a rather moderate Ag thickness of 30 nm allows for recovering SP and waveguide
losses with an intensity that is equal to twice the regular direct bottom emission, yielding
ηout ≈ 55 % or even above 70% if also substrate modes are extracted. It should be
mentioned that the regular bottom emission remains almost unchanged. The efficiency
boost primarily results from extraction of SPs and waveguides. By choosing a certain
Ag thickness, it is even possible to achieve a similar emission intensity on both sides of
the OLED, which might be interesting for many applications.

Besides the tremendous enhancement of ηout, the high-index coupling offers additional
benefits concerning stack design. If SPs can be recovered to a large extent, the emitter
could be positioned closer to the cathode. Hence, the cavity effect can be optimally used
and the total thickness of the organic layers can be decreased, which in turn reduces
coupling to waveguide modes. Of course, the high-index coupling method can also be
applied to top-emitting OLEDs if the substrate consists of a high-index material or
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if a high-index layer is deposited onto a corrugated glass substrate215. Moreover, one
could design an “SP-OLED”, i.e. a device that has an emitter positioned between two
thin metallic cathodes adjacent to high-index materials. In such a structure, the emitter
would mainly couple to SPs, which in turn could be extracted into the high-index region.
Such an OLED would represent a strong cavity and, thus, especially boost emitters with
a rather low quantum efficiency.
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11. Emitter orientation

The influence of non-isotropic emitter orientation on the efficiency of OLEDs is the
topic of this chapter224,225. It is well known that emitters having their transition dipole
moment horizontally oriented with respect to the substrate plane typically increase the
outcoupling efficiency ηout and, thus, the external quantum efficiency ηEQE by a factor
of about 1.5137.

This effect has long been known in the context of polymer OLEDs, which often
have the advantage of emitters being oriented parallel with respect to the substrate
plane14,43,135,137,226–228. Thus, the transition dipole moment that is usually oriented
along the π-conjugated polymer chain is horizontally oriented, i.e. in the substrate
plane. In contrast, for more than 20 years it has generally been believed that evaporated
amorphous films in small molecule OLEDs are isotropically oriented, i.e. that they have
no preferential orientation of the molecules135. This is especially likely in the case of
phosphorescent molecules that contain a heavy metal ion and usually have a rather
bulky form.

Though there have been some reports about horizontally oriented molecules in evap-
orated neat films166–168, only recently a non-isotropic dipole orientation in dye-doped
films has been reported168. This opens up new possibilities for improvement of light out-
coupling efficiency of dye-doped small molecule OLEDs, which already are superior to
their polymeric counterparts concerning efficiency and lifetime. For instance, due to the
straightforward implementation of doped transport layers as well as additional blocking
and injection layers, a better charge balance factor and a well-defined recombination
zone can be achieved in small molecule OLEDs.

First, the effect of molecular orientation will be explained by studying optical sim-
ulations that distinguish between horizontal and vertical orientation of the transition
dipole moment. The potential of horizontally oriented emitters in a typical two-layer
OLED as well as in OLEDs comprising a high-index substrate or a microcavity structure
will be discussed. Then, an experimental technique will be introduced which enables
straightforward determination of the dipole orientation even in guest-host systems224.
The convenience of this method will be demonstrated by analyzing the orientation of
two materials that have very similar properties except for their orientation. These mate-
rials will then be used to demonstrate the influence of emitter orientation in dye-doped
small molecule OLEDs for the first time225. By measuring the external electrolumi-
nescence quantum efficiency of these OLEDs, experimental evidence will be provided
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Figure 11.1: Definition of coordinate system and dipole orientations used in the
optical simulation.

that a mainly horizontal dipole orientation enhances light outcoupling by a factor of
around 1.45 for the given emitter system. Finally, measurements of a red triplet-emitting
guest-host system will demonstrate that even phosphorescent materials can have a con-
siderable non-isotropic orientation, thus promising the fabrication of OLEDs having an
external quantum efficiency of more than 30% without additional outcoupling struc-
tures.

11.1. Influence of dipole orientation on OLED efficiency

The impact of the dipole orientation on the efficiency of an OLED is most obvious by
studying the results of an optical simulation for differently oriented transition dipole
moments. The underlying coordinate system is illustrated in Fig. 11.1. Without loss
of generality, the substrate plane is assumed to be in the x-y-plane, and the emission
into the x-z-plane is considered. The simulation distinguishes three discrete dipole
orientations px, py and pz. It is important to note that any dipole distribution can
be represented as a weighted sum of these three discrete cases25. However, it should
be pointed out that the weighting is not a simple averaging. Instead, different cavity
effects for each orientation must be taken into account.
Usually, the transition dipole moment, which is responsible for absorbing and emitting

light, has a certain orientation with respect to the molecule. For instance, the transition
dipole moment may be aligned with the long molecular axis of a molecule229. Therefore,
in the following the terms molecular orientation, dipole orientation and orientation of
the transition dipole moment are interchangeable. However, it should be pointed out
that the following discussions are not related to a permanent dipole moment of the
molecules. For instance, centrosymmetric molecules can show considerable orientation
effects without having a permanent dipole moment at all.
According to the chosen coordinate system, the px- and py-dipoles are horizontally

oriented, whereas the pz-dipoles have a vertical orientation. Regarding the polariza-
tion of the emitted light, the py-dipoles emit only s-polarized light, whereas the px-
and pz-dipoles account for the p-polarized emission. The characteristics of all dipole
orientations are summarized in Table 11.1.
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11.1 Influence of dipole orientation on OLED efficiency

Dipole Orientation relative to
substrate plane

Polarization relative to
x-z-plane

px horizontal (parallel) p-polarized (TM)
py horizontal (parallel) s-polarized (TE)
pz vertical (perpendicular) p-polarized (TM)

Table 11.1: Summary of the discrete dipole orientations assumed in the simulation
and the corresponding orientation relative to the substrate (x-y-)plane as well as the
polarization relative to the emission (x-z-)plane.

11.1.1. Power dissipation spectra

The simulations are performed for an exemplary two-layer green OLED stack based on
an Alq3 emission layer, as displayed in Fig. 11.2(a). The total optical power dissipation
was already shown in Fig. 5.1(c) for an isotropic dipole orientation, i.e. an equal distri-
bution of px-, py-, and pz-dipoles. Here, the simulations are separately computed for
each of the three dipole orientations. The results are presented in Figs. 11.2(b)–(d).
Apparently, coupling to the individual optical channels shows a strong dependence

on the actual dipole orientation25. In detail, the px-dipole is responsible for most of
the p-polarized fraction of the emission into regions (1) and (2), i.e. direct emission and
substrate modes. Additionally, this dipole couples to a p-polarized waveguide mode and
to surface plasmons. The py-dipole provides the major contribution of the emission into
air and substrate and couples to an s-polarized waveguide mode. On the contrary, the
pz-dipole has nearly no emission into air or substrate but almost exclusively couples to
SPs145.

For a better comparison, Fig. 11.3 presents a cross section of all three power dissi-
pations at a wavelength of 510 nm. Obviously, the vertically oriented pz-dipole shows
almost no emission into air or substrate but couples most of its power to SPs230. This be-
havior can be explained by taking into account that linear dipoles radiate most strongly
perpendicular to their direction of oscillation231. Thus, the vertically oriented pz-dipole
mainly emits at large angles, i.e. high in-plane wave vectors, hence dissipating its power
to an unfavorable loss channel.
The fraction of power dissipated by each dipole to different optical channels is dis-

played in Table 11.2. Again, the values for the pz-dipole clearly show that this dipole
orientation does hardly contribute at all to the desired emission into air or substrate.
Consequently, the outcoupling efficiency can be significantly enhanced if no pz-dipoles
are present and if the total energy is redistributed to px- and py-dipoles. This is ap-
parent from the last two columns in Table 11.2, which show a comparison of simula-
tions for OLEDs consisting of a completely isotropic (1/3 px-dipoles, 1/3 py-dipoles,
and 1/3 pz-dipoles) and a purely horizontal (1/2 px-dipoles and 1/2 py-dipoles) dipole
orientation, respectively. Both the direct emission and the substrate emission are en-
hanced by more than a factor of 1.5, demonstrating the enormous potential of using

201



11 Emitter orientation

60 nm 

77 nm 

30 nm 

140 nm 

Al

Alq3

S-TAD

PEDOT/PSS

ITO

Glass

100 nm

Ca10 nm 

1x10
7

2x10
7

3x10
7

4x10
7

400

450

500

550

600

650

700

750

800

W
a
v
e
le

n
g
th

 (
n
m

)

In-plane wave vector (m
-1
)

 0.0

0.2

0.4

0.6

0.8

1.0

1x10
7

2x10
7

3x10
7

4x10
7

400

450

500

550

600

650

700

750

800

W
a
v
e
le

n
g
th

 (
n
m

)

In-plane wave vector (m
-1
)

 0.0

0.2

0.4

0.6

0.8

1.0

1x10
7

2x10
7

3x10
7

4x10
7

400

450

500

550

600

650

700

750

800

W
a
v
e
le

n
g
th

 (
n
m

)

In-plane wave vector (m
-1
)

 0.0

0.2

0.4

0.6

0.8

1.0

(a) (b)

(c) (d)

p -dipolex

p -dipolezp -dipoley

1 2 3 4

1 2 3 4 1 2 3 4

Intensity
(a. u.)

Intensity
(a. u.)

Intensity
(a. u.)

Figure 11.2: (a) Stack layout of the two-layer green OLED. The emission layer is
assumed at the interface between Alq3 and S-TAD. (b)-(d) Simulation of the optical
power dissipation for different dipole orientations: (a) px-dipole, (b) py-dipole, and
(c) pz-dipole. Red areas indicate high amount of dissipated power. All graphs are
normalized by the same factor. The dashed lines divide the graph into four regions:
(1) emission into air, (2) emission into the glass substrate, (3) waveguide modes, and
(4) coupling to surface plasmons. The horizontal line marks the cross section shown
in Fig. 11.3.

horizontally oriented emitters in OLEDs. It could be expected that the redistribution
of power from pz-dipoles to horizontal dipoles cannot increase the efficiency by more
than a factor of 1.5. However, the enhancement of even slightly more than this factor
can be explained by the fact that the pz-dipole experiences stronger cavity effects in
this particular OLED geometry. In other words, the Purcell factor of the pz-dipole is
larger compared to both other dipole orientations. Hence, the pz-dipole has a higher
effective radiative decay rate in this case and, thus, has a higher contribution to the
total power dissipation.

11.1.2. Influence of electron transport layer thickness

The main reason for the increased efficiency in case of a purely horizontal dipole ori-
entation is a reduced coupling to SPs. This is even more obvious by investigating the
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Figure 11.3: Cross section of Figs. 11.2(b)–(d) at a wavelength of 510 nm. The
vertical lines divide the graph into four regions similar to Figs. 11.2(b)–(d).

px-dipole py-dipole pz-dipole
Isotropic

(px / py / pz)
Horizontal
(px / py)

Direct emission 26.5% 24.1% 0.1% 15.3% 25.1%
Substrate emission 23.5% 51.9% 0.7% 24.3% 39.6%
Waveguide modes 12.1% 12.9% 8.6% 11.0% 12.5%
Surface plasmons 32.5% 2.0% 87.7% 43.7% 15.3%

Absorption 5.4% 9.1% 2.9% 5.7% 7.5%

Table 11.2: Dissipated power coupled into different optical channels depending on
the orientation of the transition dipole moment obtained by integrating over the
different regions in the simulations in Figs. 11.2(b)–(d). The values for direct emission
also correspond to the outcoupling efficiency of the OLED stack. Absorption describes
the fraction of both direct and substrate emission that is lost due to absorption in
ITO and the organic layers as well as upon reflections at the cathode. The small
contribution of the py-dipole to SPs results from an overlap of the waveguide mode
into the SP region. For the last two columns it should be noted that these numbers
are not simply the average of the corresponding values of each dipole. Instead of that,
a weighting according to cavity effects has been considered.
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Figure 11.4: (a)-(c) Dissipated power for a stack as shown in Fig. 11.2(a) as a func-
tion of the electron transport layer thickness, i.e. the distance between the emitter
and the cathode, for (a) isotropic dipole orientation (px, py, pz), (b) horizontal dipole
orientation (px, py), and (c) vertical dipole orientation (pz). The radiative quantum
efficiency was assumed to be q = 100 %.

distance dependence of the emitter to the metallic mirror. Figures 11.4(a)–(c) show a
variation of the electron transport layer (ETL) thickness for an isotropic, horizontal, and
vertical dipole orientation, respectively. The oscillatory behavior of the emission into
air and into the substrate results from interference effects of the emitter with its image
dipole26,231,232. It is worth mentioning that some of the power coupled to waveguide
modes might be misleadingly attributed to SPs and vice versa, because both optical
modes have a certain width in wave vector space, thus resulting in an overlap between
both modes. In addition, it is not possible to exactly determine the border between
waveguides and SPs. These effects for instance cause the increase of SP emission in
Figs. 11.4(a) and (b) for large ETL thicknesses.

The graphs clearly demonstrate the increased outcoupling efficiency for a horizontal
dipole orientation in comparison to an isotropic orientation. In addition, in the case of
horizontally oriented dipoles, the emission layer may be positioned much closer to the
cathode before coupling to SPs becomes the dominant loss channel.
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11.1 Influence of dipole orientation on OLED efficiency

The highest direct emission of 28.5% in Fig. 11.4(b) is obtained in the second cavity
maximum at an ETL thickness of 215 nm. Positioning the emitter in the first maximum
still results in a considerable direct emission of 25.2% at an ETL thickness of 55 nm. If
also substrate emission is extracted by an appropriate outcoupling structure, an ETL
thickness of 75 nm should be chosen. In this case, a combined direct and substrate mode
emission of 66.8% is predicted by the simulations. In other words, around two thirds
of the total power is dissipated to optical channels that can in principle be extracted
from the OLED device.

In the context of a purely vertical dipole orientation, as displayed in Fig. 11.4(c), it
is obvious that coupling to SPs is the dominant optical loss channel even for a distance
of 100 nm to the cathode. On the contrary, the vertical dipole shows almost no direct
emission, independently of the ETL thickness. This can be explained by the fact that
direct emission must occur within a rather small angular cone with respect to the surface
normal, i.e. in a direction close to the dipole axis of the pz-dipole.

It is interesting to investigate the difference between completely horizontally and
purely vertically oriented dipoles in more detail by comparing Figs. 11.4(b) and (c).
Apparently, vertically oriented dipoles have the highest coupling to direct emission
and especially substrate emission at an ETL thickness around 170 nm. Concerning
horizontally oriented dipoles, this ETL thickness rather corresponds to a minimum in the
direct and substrate emission. This effect results from opposite interference conditions
for the emission from horizontal and vertical dipoles, as explained by Flämmich et al.
in Ref. [228]. In detail, constructive interference for horizontal dipoles is expected for
ETL thicknesses roughly equal to odd multiples of λ/(4 · norganic), while the thickness
should be close to even multiples of λ/(4 · norganic) in case of vertical dipoles228. Here,
λ represents the emission wavelength, and norganic describes the refractive index of the
emitting material. Using λ = 510 nm and norganic = 1.7 − 1.8 yields λ/(4 · norganic) ≈
71−75 nm, which basically agrees with the values obtained from the optical simulations
in Fig. 11.4.

As a matter of course, optimized OLEDs usually comprise a distance between the
emitter and the cathode that favors horizontally oriented dipoles in order to obtain a
maximum outcoupling efficiency, i.e. a high coupling to direct emission and optionally
to substrate emission. Unfortunately, such a thickness causes the vertical dipoles to
couple almost completely to unfavorable optical modes like SPs and waveguide modes.
Therefore, an enhancement factor of typically 1.5 can be achieved in the case of a
horizontal orientation in comparison to an isotropic orientation.

Altogether, the simulations performed in this section clearly illustrate the enormous
benefit that can be obtained from an orientation control of the emitting molecules. This
effect is most pronounced at small distances to the cathode due to the stronger coupling
to SPs. However, even in the second cavity maximum, the outcoupling efficiency could
be significantly increased by using emitters with a mainly horizontal orientation.
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Figure 11.5: Dissipated power as a function of the electron transport layer thickness
in the case of a horizontal dipole orientation (px, py) and a high-index substrate. The
OLED stack used for the simulation basically corresponds to the structure shown in
Fig. 11.2(a), except for a high-index substrate (SF6, n ≈ 1.8).

11.1.3. Potential of horizontally oriented emitters

One of the advantages of horizontally oriented emitters is the fact that molecular ori-
entation is an intrinsic property of the emission layer. Hence, it is possible to combine
oriented emitters with additional external measures, e.g. high-index substrates or a mi-
crocavity device structure, to further enhance the outcoupling efficiency of an OLED.
Therefore, this section discusses optical simulations to demonstrate the potential of a
horizontal emitter orientation combined with special stack layouts.

Figure 11.5 shows the power dissipation in dependence of the ETL thickness for the
exemplary green OLED assuming a horizontal dipole orientation and a high-index sub-
strate. Here, two effects play an important role. First, the horizontal emitter orientation
strongly reduces coupling to SPs even for rather small distances to the cathode. Sec-
ond, the high-index substrate prevents coupling to waveguide modes. This is obvious
by comparing the simulated ETL dependence with the result for the same OLED with
a BK7 substrate, as shown in Fig. 11.4(b). Due to these two effects, a very high total
emission to air and substrate of more than 75% is achieved over a very broad range of
ETL thicknesses. Such a high efficiency is already obtained for an ETL thickness as
low as 60 nm. In contrast, in the case of a high-index substrate and an isotropic emitter
orientation (cf. Fig. 6.5), an ETL thickness of almost 200 nm is required for such a high
outcoupling efficiency because much more power is dissipated to SPs if vertical dipoles
are present. It is worth mentioning that the efficiency could be even further increased
by implementing an ETL material with lower absorption.

In many cases, it is desired to use an OLED without applied outcoupling structures,
for instance if a mirror-like off-state appearance is required. In this case, it is necessary
to maximize the direct emission to air. This can be achieved by combining horizontally
oriented emitters with a microcavity structure. It should be noted that microcavity
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Figure 11.6: (a) Stack layout of an optical microcavity device consisting of a thick
silver cathode and an additional 26 nm thick silver layer on ITO. (b) Fraction of
power coupled to different optical channels assuming a radiative quantum efficiency
of q = 100 % and a horizontal dipole orientation.

devices are not optimal in the case of white OLEDs with a broad emission spectrum.
Nevertheless, the use of monochromatic microcavity OLEDs promises exceptionally high
efficiencies.
Figure 11.6(a) shows a microcavity OLED comprising a thick Ag cathode and an

additional semitransparent Ag layer on top of the ITO anode. The outcoupling efficiency
is displayed in Fig. 11.6(b). Although the absorption inside the stack is very high, a
remarkable direct emission of 39.3% is obtained. This outcoupling efficiency for directly
emitted light is significantly larger than all other simulations studied so far.
According to the optical simulation, vertical dipoles would dissipate 99% of their

power to SPs in such a microcavity geometry. In addition, the Purcell factor for ver-
tical dipoles is larger in comparison to horizontal dipoles for this specific OLED stack.
Therefore, the outcoupling efficiency is considerably reduced if the emitter is not per-
fectly horizontally oriented. For instance, in the case of an isotropic orientation, the
direct emission is decreased to 22.2%, as shown in Fig. 6.3(b).
The results of this section demonstrate that it is required to have accurate informa-

tion about the actual emitter orientation in order to find the optimum OLED layout.
However, it is not straightforward to determine the molecular orientation in thin organic
films, particularly in guest-host systems that comprise only a very small amount of the
emitting material within a matrix environment. In order to find a suitable and reliable
method that allows for the determination of the dipole orientation, it is instructive to
study the emission pattern of emissive dipoles in more detail.

11.2. Dipole emission pattern

The fundamental emission pattern of a radiating dipole is obtained by placing the
dipole in an infinite, homogeneous medium without absorption. The simulated angular
dependent emission is plotted in Fig. 11.7(a). Due to the chosen coordinate system,
the px-dipole has the highest emission intensity along the z-direction. In contrast,
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Figure 11.7: (a) Far-field dipole emission pattern in an infinite medium without
absorption obtained by optical simulations. Emission into the x-z-plane is considered,
θ describes the angle with respect to the z-axis. The reduced intensity at angles close
to 90° results from a numerical problem upon converting the simulated in-plane wave
vector kx to angles due to the finite step size in kx. (b) Schematic polar plot of the
emission pattern of each dipole orientation derived from part (a) of the figure.

the py-dipole has a constant emission over all angles. Finally, the angular dependent
emission of the pz-dipole shows an opposite behavior to the px-dipole, i.e. the emission
intensity is zero along the z-direction and rises with increasing angle.

The simulated result perfectly resembles the theoretical radiation pattern of an os-
cillating dipole, i.e. the angular dependence is proportional to sin2(θ), with θ being the
angle with respect to the dipole axis96,102. It can be seen that linear dipoles radiate
most strongly perpendicular to their direction of oscillation231, while the emission is zero
along the dipole axis96. Moreover, the radiation is symmetric around the dipole axis,
as can be seen by the emission of the py-dipole in Fig. 11.7(a). The angular dependent
emission intensity can be transformed into a polar plot to obtain the typical radiation
pattern of an oscillating dipole, as presented in Fig. 11.7(b).
It would be rather straightforward to determine the orientation of an oscillating dipole

in an infinite medium just by measuring its radiation characteristics. However, the
situation is more complicated in an actual OLED device. By nature, an OLED comprises
several interfaces and usually a metallic cathode. Hence, the emission pattern of an
oscillating dipole is strongly altered inside the OLED cavity, as shown in Fig. 11.8 for
the exemplary green Alq3 based OLED. It can be seen that the emission pattern for each
dipole orientation considerably differs from the case of an infinite medium. In particular,
the emission from the pz-dipole is close to zero for all angles, which mainly results from
a strong coupling to SPs. In contrast, the px-dipole and py-dipole have a high emission
intensity and account for the major part of the p- and s-polarized emission, respectively.
Hence, the emission characteristics of such an OLED makes it complicate to determine
the orientation of the transition dipole moment, as will be discussed in the following
section.
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Figure 11.8: Simulated dipole emission pattern into the glass substrate at a wave-
length of 510 nm in the case of the exemplary green OLED stack (cf. Fig. 11.2(a)).
All curves are normalized by the same factor.

11.3. Determination of molecular dipole orientation by PL
measurements

In order to benefit from the enormous efficiency boost of horizontally oriented emitters
in OLEDs, it is required to implement suitable materials with a mainly horizontal orien-
tation. Hence, it is essential to develop reliable and straightforward methods in order to
unambiguously determine the ratio between horizontal (px and py) dipoles and vertical
(pz) dipoles for a given material system. Since the pz-dipoles hardly contribute to the
emission intensity at all in a common OLED, it is not easily possible to determine the
fraction of pz-dipoles in such an OLED device by measuring the emission characteristics.
Therefore, other methods have to be used in order to estimate the presence of vertical
dipoles in organic thin films.
In principle, variable angle spectroscopic ellipsometry yields information about the

orientation of the transition dipole moment166,168. However, ellipsometry is usually not
sensitive enough to detect small amounts of dopants within a matrix. Several addi-
tional techniques have been proposed in literature, for instance edge (or cut-off) emis-
sion measurements166,168,233 as well as surface plasmon coupled emission234. Although
these methods basically work, the extraction of the relevant information on molecular
orientation is not straightforward. It is also possible to determine the orientation by
measuring the excited state lifetime in microcavity structures17,18,231. This requires
the preparation of a series of samples with systematically varying distance between the
emission zone and a metal layer. Though being more elaborate, this method has the
benefit of independently yielding the value of the radiative quantum efficiency of the
emitter, too.
Recently, Flämmich et al. presented an interesting method based on the analysis

of OLED emission spectra228. This approach requires to use OLED structures that
are designed to enhance the emission from vertical pz-dipoles by choosing a certain
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Figure 11.9: Experimental setup (top view) and cross-sectional schematic layout of
the layer structure used for the determination of the molecular orientation in a PL
measurement. The angular dependent emission into the x-z-plane is detected.

distance to the cathode. For instance, an ETL thickness of about 140 nm must be chosen
to obtain a maximum direct emission for the OLED stack discussed in the previous
sections, cf. Fig. 11.4(c). This technique has the advantage that the orientation can be
detected in an actual OLED device under electrical operation, even though the thickness
and cavity effects differ from an optimized OLED structure which would be used for
a commercial product. On the other hand, this method demands the fabrication of a
complete OLED stack and, thus, is not perfectly suited to screen new material systems
in a short amount of time.
Therefore, it is desirable to find a simple approach that permits the straightforward

investigation of many guest-host combinations. Here, a novel technique is presented
which is based on the angular dependent measurement of the photoluminescence emis-
sion spectrum of a specific layer structure and the subsequent comparison to numerical
simulations224.

11.3.1. Basic principle and experimental setup

The experimental setup used for the determination of molecular orientation in a PL
measurement is shown in Fig. 11.9. An exemplary stack layout consists of a 12 nm
thick guest-host layer on a glass substrate, covered by a 70 nm thick spacer layer. For
instance, CBP can be used both as a matrix and spacer material. The doped region
should be narrow, because the optical simulation assumes a discrete emitter position.
It should be pointed out that the structure is free of metallic layers, so that the

pz-dipoles cannot couple to SPs. Hence, pz-dipoles are forced to dissipate their power
as direct emission and especially as substrate emission, thus contributing to the overall
emission. The substrate modes can be extracted by applying a fused silica half cylinder
prism using index-matching liquid.
All three dipole orientations are simulated separately, permitting subsequent weight-

ing for arbitrary dipole distributions. The only required input parameters for the sim-
ulation are the optical constants of the CBP matrix, the total thickness, and the PL
spectrum of the doped layer, the latter only being required in the case of a polychromatic
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Figure 11.10: (a) Simulated dipole emission pattern into the fused silica prism in
the case of the stack shown in Fig. 11.9. All curves are normalized by the same
factor. (b) Combined angular dependent emission of the px- and pz-dipoles, i.e. the
p-polarized emission, for different ratios between the number of px- and pz-dipoles.
For simplicity, the terms px, py, and pz in this notation are used to represent the
number of dipoles for each orientation. The emitter position is assumed in the center
of the doped emission layer. All curves are normalized to the emission at 0°, because
the emission intensity in normal direction only depends on the px-dipole. If an equal
distribution of px- and py-dipoles is assumed, a ratio of px : pz = 1 : 0 represents
a purely horizontal orientation, whereas a ratio of px : pz = 1 : 1 corresponds to a
completely isotropic orientation.

simulation. The small birefringence of the CBP matrix168 is not taken into account,
as this considerably increases the complexity of the simulation without significantly
changing the overall result. It is noteworthy that the optical constants of the dopant
are not required, emphasizing that this technique is exceptionally useful for the analysis
of newly developed materials with unknown optical properties.
Similar to the dipole emission patterns studied above, Fig. 11.10(a) displays the

simulated angular dependent emission of each dipole orientation. The px- and py-dipoles
have the same emission intensity at 0°, but the emission for larger angles is different.
In contrast to the horizontal dipoles, the emission from the pz-dipole is equal to zero at
normal emission, i.e. along the dipole axis. Nevertheless, a considerable overall emission
of the vertical pz-dipole can be obtained since no metallic layer is present in the chosen
stack structure. Keeping in mind that dipoles radiate most strongly perpendicular to
their direction of oscillation, the pz-dipoles mainly emit at large angles.

According to the chosen coordinate system, the py-dipoles emit only s-polarized light,
whereas the px- and pz-dipoles are responsible for the p-polarized emission. In order to
find materials that have the potential to increase the outcoupling efficiency of OLEDs,
the ratio between horizontal and vertical dipoles must be determined. It should be kept
in mind that only the combined p-polarized emission of the px- and pz-dipoles can be
detected in a measurement by using a polarizer. Therefore, it is necessary to thoroughly
analyze the p-polarized emission and to distinguish between both orientations according
to the angular dependency of the emission.
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11 Emitter orientation

The simulated p-polarized emission for several ratios of px- to pz-dipoles is shown in
Fig. 11.10(b). It can be seen that the emission close to normal direction is independent
of the fraction of pz-dipoles. On the contrary, the emission at larger angles above 45°
is strongly influenced by the presence of pz-dipoles.
In other words, the emission at small angles is mainly governed by the px-dipoles,

while the emission at large angles particularly depends on the amount of pz-dipoles.
Thus, the dipole orientation can be determined by comparing a measured angular de-
pendent emission pattern with the simulations. This will be exemplarily shown for two
guest-host systems in the next section.

11.3.2. Investigation of organic guest-host systems

The determination of the orientation of the transition dipole moment is demonstrated for
two blue fluorescent dyes225: 4,4’-bis[4-(diphenylamino)styryl]biphenyl (BDASBi, some-
times also referred to as BDAVBi)235 and 4-(2,2-diphenylethenyl)-N,N-bis(4-methyl-
phenyl)benzenamine (PEBA)236. The molecular structures of both materials are dis-
played in Fig. 11.11(a).
Organic semiconductor films often show a large optical anisotropy if the molecules

have a very long or planar shape167,168. While BDASBi has an elongated structure,
PEBA represents a shorter and more compact molecule. Thus, it is expected that
PEBA will show much less pronounced orientation effects than BDASBi. From a
chemical point of view, BDASBi is quite similar to 4,4’-bis[(N-carbazole)styryl]biphenyl
(BSB-Cz), which is known to exhibit mainly horizontally oriented dipoles in neat and
doped films168,233. Thus, it is expected that the emitting dipoles in BDASBi are as well
oriented predominantly parallel to the substrate plane.
Both materials may be doped into a CBP matrix. The PL spectra of BDASBi and

PEBA doped into CBP at 6wt% are illustrated in Fig. 11.11(b). It is apparent that
both materials feature a rather similar emission spectrum with a peak wavelength at
about 470 nm.
The stack layout used for the determination of the molecular orientation is similar to

the stack shown in Fig. 11.9. In detail, 12 nm thick doped films of 6wt% BDASBi or
PEBA in CBP were deposited on cleaned glass substrates and capped with a 70 nm thick
neat CBP layer. The samples were encapsulated in a glovebox by using a cover glass
and thin spacers to form a small inert gas cavity. For the measurement, a fused silica
half cylinder prism was attached to the substrate side of the samples by index matching
gel, and the samples were mounted on a computer controlled rotation stage. A 375 nm
cw laser diode incident under 45° from the encapsulation side was used as excitation
source. The light from the laser diode is primarily p-polarized in this configuration.
Since CBP only has a small absorption at this wavelength, emission from the matrix
is suppressed. The angular dependent PL spectrum from 0° to 90° was measured with
a fiber optical spectrometer and a polarizer to distinguish between s- and p-polarized
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Figure 11.11: (a) Molecular structures of BDASBi and PEBA. (b) Photolumines-
cence emission spectra of 50 nm thick films of BDASBi and PEBA doped into CBP
(6wt%) measured perpendicular to the silica glass substrate using a fluorescence spec-
trometer (FP-6500, Jasco Co.). The chosen thickness of the samples ensures that the
spectra are not changed too much by waveguiding effects and that they match the
emission spectra in free space.

emission. In addition, a 400 nm long-pass filter was used to protect the spectrometer
from laser light. For some measurements, the edges of the sample were blackened in
order to prevent edge emission at large angles.

Figures 11.12(a) and (b) display the polychromatic p-polarized simulation results of
the BDASBi sample for a completely isotropic and a purely horizontal dipole orientation,
respectively. By comparing the measurement shown in Fig. 11.12(c) to the simulations,
it is apparent that the transition dipoles in a BDASBi:CBP layer are primarily hori-
zontally oriented. The measurement of a similar device with PEBA doped into CBP
agrees well with the simulation for perfectly isotropic dipole orientation (cf. Ref. [229]
for details).

A precise analysis of the dipole orientation is performed by comparing the cross
sections of measurement and simulations at a wavelength of 470 nm, i.e. close to the
emission maximum, as displayed in Fig. 11.13. In addition, the measured cross section
of a stack containing PEBA instead of BDASBi with otherwise identical structure is
shown. It should be pointed out that the simulation of a cross section is generally valid
for a certain combination of matrix and spacer. In particular, it is independent of the
actual dopant, meaning that no information about the PL spectrum of the emitter itself
is required.

Comparing the measured cross section for PEBA with the simulated curves yields
excellent agreement assuming an equal amount of px- and pz-dipoles. Thus, PEBA
doped into CBP shows no preferred molecular orientation, and the dipole orientation is
completely isotropic, i.e. on average 2/3 of the dipoles are horizontally and 1/3 vertically
oriented.

On the contrary, the cross section of the sample containing BDASBi shows a clear
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Figure 11.12: Simulation and measurement of the angular dependent p-polarized
emission spectrum of a 12 nm thick film of BDASBi:CBP (6wt%) on a glass substrate
capped with 70 nm of neat CBP. Simulation assuming (a) an isotropic dipole orien-
tation and (b) a purely horizontal dipole orientation. The simulated result at 1° was
also used for 0°, since the difference is small and no simulation result is obtained for
an angle of exactly 0°. (c) Measurement of the angular dependent emission spectrum.
The measured emission intensity is scaled in such a way that the emission at small
angles corresponds to the simulations.

tendency towards horizontal orientation. By assuming a ratio of pz : px = 0.27 : 1 for
the simulations, very good agreement between the simulated and measured curve can
be obtained.

Generally, the horizontal px- and py-dipoles are uniformly distributed, unless spe-
cial substrate treatments are applied237, for instance rubbing238–241 or friction trans-
fer242,243. Since no such treatment was used here, the horizontal px- and py-dipoles
can be assumed to be uniformly distributed in the substrate plane. Thus, the overall
fraction of vertical (pz) dipoles is 0.27/2.27 = 12 %, the fraction of horizontal (px, py)
dipoles is 2/2.27 = 88 %. These values are in very good agreement with Ref. [224].
This result promises a strong enhancement in outcoupling efficiency for OLEDs using
BDASBi doped into CBP, as will be demonstrated in Sec. 11.4.

It should be noted that the direction of the transition dipole moment is almost per-
fectly aligned with the long molecular axis of the molecule in the case of BDASBi229.
Therefore, the measured preferential orientation of the transition dipole moment also
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Figure 11.13: Angular dependent cross section at 470 nm of the simulated and mea-
sured p-polarized emission spectra shown in Fig. 11.12 and of a measurement with
a sample containing PEBA instead of BDASBi. All cross sections are normalized to
the emission at small angles because the emission in this range is exclusively caused
by the horizontal px-dipoles. On the other hand, the emission at angles around 70°
is dominated by the pz-dipoles.

implies an anisotropic molecular orientation when doped into CBP. In the case of PEBA,
the transition dipole moment is also associated with the molecular structure229. Since
the direction of the transition dipole moment of PEBA was determined to be isotropic,
the molecular orientation for PEBA doped into CBP must also be rather isotropic. The
result agrees with variable angle spectroscopic ellipsometry measurements performed
on neat films of BDASBi and PEBA, which showed a strong optical anisotropy for
BDASBi, while the optical constants obtained for PEBA showed almost no anisotropy,
thus indicating no preferential orientation in neat films229.

11.3.3. Thickness control using s-polarized measurements

Besides the p-polarized analysis, it is also possible to compare an s-polarized measure-
ment with the corresponding optical simulation. The result is depicted in Fig. 11.14,
showing good agreement between the measured and simulated curves.
Regarding s-polarized light, the emission exclusively originates from horizontally ori-

ented py-dipoles. Thus, the cross section is independent of the ratio between horizontal
and vertical dipoles. That is the reason why there is only a small difference between the
measurements of the BDASBi and PEBA samples in contrast to the p-polarized mea-
surements. Although no information about orientation can be obtained, the comparison
of the s-polarized measurement with an optical simulation represents an excellent con-
trol of the optical constants and thicknesses used for the simulations. Hence, errors
in the determination of the orientation arising from wrong input parameters can be
avoided by also performing an s-polarized analysis.
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Figure 11.14: Angular dependent cross section at 470 nm of the simulated and mea-
sured s-polarized emission spectra of 12 nm thick BDASBi or PEBA films doped into
CBP (6wt%) and capped with 70 nm of neat CBP. All cross sections are normalized
to the emission at small angles.

11.3.4. Optimization of device layout and discussion

The thickness of the spacer layer studied in the previous sections was chosen based on
optical simulations so that the difference in the emission spectrum is clearly pronounced,
depending on whether the orientation of the emitting dipoles is completely isotropic or
exclusively in the substrate plane. This section gives further insight into the function
of the spacer layer. In addition, several effects are discussed which can cause an error
in the determined degree of orientation.
From an optical point of view, the spacer between the emission region and the interface

to air is important in terms of interference effects. To study these effects, Fig. 11.15
shows optical simulations with spacer layers ranging from 0nm to 120 nm in steps of
30 nm. The result for the p-polarized case is illustrated in parts (a)-(e) of the figure,
while the s-polarized simulations are shown in part (f).
All p-polarized simulations have in common that the emission at angles above 50°

is rather small in case of only horizontally oriented px-dipoles. In contrast, if also
pz-dipoles are present, the emission at larger angles shows a pronounced dependence
on the spacer layer thickness. The biggest difference between both simulated curves is
obtained for a thickness of about 60 nm. For larger thicknesses, the difference between
both simulations decreases again and almost vanishes at a spacer layer thickness of
120 nm. This is a strong evidence for interference effects, keeping in mind that a quarter
of (470 nm/n) is equal to about 64 nm, with n ≈ 1.83 being the refractive index of CBP
at a wavelength of 470 nm.
It should be mentioned that the peak around 43° arises both from interference as well

as from total internal reflection effects, i.e. the critical angle for totally reflected light
at the CBP/air interface corresponds to 43° inside the fused silica prism.
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Figure 11.15: (a)-(e) Simulated p-polarized cross sections at 470 nm of a stack as
shown in part (a) of the figure for varying spacer layer thicknesses between 0 nm and
120 nm, as indicated in each graph. (f) Simulated s-polarized cross sections for the
same stack as in part (a) of the figure.

The s-polarized simulations in part (f) of the figure also show a significant dependence
on the actual spacer layer thickness. Thus, performing s-polarized measurements allows
for controlling the thickness and optical constants of the spacer layer, as discussed in
the previous section.
In addition to a top spacer layer, it is also possible to use one or several bottom

spacers between the emission layer and the substrate224. However, from an optical
point of view, the bottom spacer only has a very limited influence because interference

217
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and reflection effects are much weaker in comparison to the interface to air.

Generally, one would assume that it is optimal to implement a spacer layer which
maximizes the difference between isotropic and horizontal orientation. However, this
additional layer also reduces the accuracy of the result because small deviations in the
optical constants or in the thickness of the spacer layer strongly modify the result of the
analysis. In particular, if the spacer layer thickness of e.g. 70 nm has an uncertainty of
±5 nm, the absolute degree of orientation is changed by approximately ±2 %. Moreover,
if the refractive index of CBP is changed by±0.05, the orientation differs by about±1 %.
Therefore, it is always recommended to perform s-polarized measurements in order to
obtain a basic check of the optical constants and thicknesses.

Furthermore, it must be taken into account that the spacer layer may be fluorescent
itself, as it is the case for CBP. In general, this can be problematic because the emission
from the spacer has a different angular dependent emission behavior. However, since the
CBP emission occurs in the deep blue or almost UV wavelength range, the influence at
a wavelength of 470 nm is small. For both BDASBi as well as PEBA it can be estimated
that the emission from the 70 nm thick CBP spacer amounts to considerably less than
10% compared to the emission from BDASBi or PEBA, thus being virtually negligible.
Of course, the undesired emission from the spacer generally depends on the absorption
and quantum efficiency of the spacer and the emitting layer as well as on the thickness
of the spacer.

To avoid errors arising from the spacer, this layer can be completely omitted. Hence,
only a thin doped emission layer is deposited on glass. Figures 11.16 and 11.17 show
the simulations and measurements for p- and s-polarized emission, respectively, for a
12 nm thick BDASBi:CBP (6wt%) layer on glass.

It is apparent that the difference between the two simulated curves for isotropic and
horizontal orientation is much less pronounced if no spacer is implemented. To obtain
the degree of orientation, the p-polarized simulations in Fig. 11.16 are weighted in order
to reproduce the measured curve. Assuming a ratio of pz : px = 0.43 : 1 yields excellent
agreement. Hence, the overall fraction of vertical (pz) dipoles is 0.43/2.43 = 18 %, the
fraction of horizontal (px, py) dipoles is 2/2.43 = 82 %. This value is slightly lower
than the result obtained from the sample with a 70 nm thick spacer layer, probably due
to the different sample layout or due to a partial crystallisation of the sample without
spacer layer. Nevertheless, both results clearly indicate a strong orientation of BDASBi
when doped into a CBP matrix.

The s-polarized measurement in Fig. 11.17 shows perfect agreement with the simula-
tion, thus confirming the correctness of the optical constants of the CBP matrix.

It is worth mentioning that first evidence was found in this work that crystallization
of the matrix considerably changes the degree of orientation. In fact, it was even found
that the emitter seems to be mainly vertically oriented after the samples crystallized
over a period of several weeks. However, further experiments are required in order to
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Figure 11.17: Angular dependent cross section at a wavelength of 470 nm similar to
Fig. 11.16, but for s-polarized emission.

determine whether this effect really results from a reorientation of the emitter in the
matrix material or if the difference is caused by changes in the optical constants of
the matrix. Certainly, a reorientation of the emitter in the matrix would represent a
totally new degradation mechanism, which would considerably reduce the outcoupling
efficiency of an OLED without strongly changing any other properties like the electrical
characteristics.
Besides uncertainties in the thicknesses and optical constants used for the simulations,

several other aspects have to be taken into account. First, problems might arise from
the experimental setup. For instance, small differences are detected if the rotation table
is moved in the opposite direction. In addition, the thickness of the glass substrate is not
taken into account, i.e. the emitted radiation does not originate from the center of the
prism214. Therefore, the radiation does not exactly impinge on the interface between the
glass prism and air under right angle, thus causing a slight focusing effect141. Moreover,
it is not considered that the light first travels through the glass substrate and then gets
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refracted into the prism. Although the influence of all these effects is rather small, an
improvement could be achieved by using a glass prism made of BK7 instead of fused
silica and by positioning the emitting region in the center of the prism. Using a BK7
prism would also allow for extracting light that is otherwise totally internally reflected
at the substrate/prism interface.

Furthermore, it is important to note that the excitation condition in principle can
have a significant influence on the result of the PL measurement. The 375 nm laser
diode is mainly p-polarized, and light was usually incident under 45°. Due to refraction
at the interface between air and organic, the laser enters the organic film under an angle
smaller than 45°. Hence, it can be expected that mainly px-dipoles are excited, because
they have the best overlap with the electric field of the incident radiation. Of course, this
selective excitation principally could strongly alter the result. However, it was reported
for instance in the case of Alq3 and Eu3+ ions that the dipole samples all orientations in
space during the emission lifetime14,25,84 and, thus, takes an average value independent
of the excitation condition. This effect can also be understood by the diffusion process of
excitons. Usually, an exciton moves to several other molecules before it decays84, hence
causing a randomization of the orientation between the absorbing and emitting dipole
state. Of course, if no redistribution would occur for a certain emitter, one would expect
a different result for the degree of orientation upon changing the excitation conditions.
Therefore, measurements on a series of emitters were performed with the laser light
incident under both 45° and normal direction244. Moreover, the laser was rotated so
that the excitation light was varied between p- and s-polarization. All experiments
demonstrated that the obtained degree of orientation is virtually independent of the
excitation. Nevertheless, it cannot be fully ruled out that the actual excitation has an
influence for other emitter systems214, in particular for neat fluorescent emitters with a
short excited state lifetime. Moreover, it must also be ensured that the emitter does not
degrade during the angular dependent measurement, because this would result in an
inaccurate degree of orientation. Therefore, all measurements were repeated to exclude
any degradation effects.

Regarding the optical simulations, the CBP matrix was assumed to be isotropic. In
reality, CBP is slightly birefringent with a difference between ordinary and extraordi-
nary refractive index of approximately 0.05 in the visible region168. Here, the small
birefringence is not taken into account. Moreover, the emitter position was assumed
to be centered in the emission layer for sake of simplicity. Certainly, it is possible to
simulate a distributed emission region to account for the fact that the whole region
is excited by the laser in the experiment. However, it was found that the difference
between both simulation methods is of the order of 1% as long as the emitting region
is narrow. Hence, the assumption of a centered emitter position is reasonable and saves
computation time.

Furthermore, the simulation does not account for light that is emitted into the direc-
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tion of the encapsulation, where it is partially reflected and then also emitted through
the glass prism. Basically, it is possible to account for this phenomenon and also for
birefringence by improving the simulation program or by using other simulation rou-
tines245.
Finally, the calculated orientation can slightly differ if the cross sections are analyzed

at different wavelengths. To keep the analysis consistent, all cross sections were inves-
tigated close to the emission maximum of the corresponding emitter system. Taking all
these effects into account, it can be estimated that the total uncertainty amounts to at
least 3− 5 % depending on the stack layout.
In summary, a method to determine the orientation of the transition dipole moment of

light-emitting organic thin films was demonstrated224. In contrast to other procedures,
this is a straightforward and expeditious approach that does not only result in a rough
estimate but quantitatively determines the fraction of horizontally oriented dipoles even
in doped films. It should be emphasized that it is not necessary to know any information
about the dopant for the detailed analysis of the cross sections. Neither the optical
constants nor the PL spectrum are required, rendering this method particularly useful
for a reliable investigation of newly developed materials.
It is important to note that this approach is in principle also applicable to neat

films as well as to phosphorescent emitters. In fact, in the meantime this method has
been applied to the analysis of numerous small molecular materials both in doped and
neat films as well as light-emitting polymers. Moreover, weakly fluorescing materials
which are typically implemented in organic photovoltaic cells were investigated, because
orientation effects are also important for the absorption of light and for improved charge
transport246,247. The experimental details and results are described in the diploma
thesis of Christian Mayr244.
Altogether, it was found that many materials exist which show a pronounced hori-

zontal dipole orientation, thus opening up new possibilities to enhance the outcoupling
efficiency of OLEDs. One of the highest degrees of horizontal orientation was found
for BDASBi doped into CBP. Consequently, the next step is to implement this emitter
system into a complete OLED device to demonstrate the enhanced outcoupling under
electrical operation.

11.4. Increased light extraction efficiency in dye-doped
small molecule OLEDs with horizontally oriented
emitters

11.4.1. Stack layout and sample preparation

As a result of the previous analysis, BDASBi and PEBA are ideal candidates for study-
ing the effect of molecular orientation in actual OLED devices225. The basic idea is to
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Figure 11.18: (a) Schematic device layout of the blue fluorescent OLEDs and def-
inition of the coordinate system and dipole orientations used in the simulation. As
emitting materials, BDASBi or PEBA were doped into a CBP matrix. The emitter
position is assumed to be at the CBP/BPhen interface. (b) Molecular structure of
BPhen. (c) Fraction of power coupled to different optical channels assuming a ra-
diative quantum efficiency of q = 100 % and an emission spectrum resembling that
of BDASBi:CBP (6wt%) for either isotropic or horizontal emitter orientation. De-
tails concerning the power dissipation spectra and the influence of the distance of the
emitter to the metallic cathode can be found in Ref. [225].

demonstrate the enhanced outcoupling by comparing the external quantum efficiency of
two almost identical OLED stacks that only differ in the orientation of their emitter ma-
terials. Therefore, both BDASBi and PEBA were incorporated in a rather simple device
structure in order to rule out differences in device fabrication. The stack layout is illus-
trated in Fig. 11.18(a). The devices consist of a glass substrate covered with a patterned
indium tin oxide layer with 100 nm thickness, followed by 40 nm of the hole transport
material TPD, 10 nm of either BDASBi or PEBA doped into CBP (6wt%), 50 nm of the
electron transport material 4,7-diphenyl-1,10-phenanthroline (BPhen, molecular struc-
ture shown in Fig. 11.18(b)) and a cathode consisting of 100 nm Mg:Ag (10:1) and a
10 nm thick Ag capping layer. A very thin emission layer was selected to ensure that the
emission originates from the same position within the stack for both emitter systems.
All organic layers were deposited in a vacuum of less than 3 × 10−5 mbar at an

evaporation rate of approximately 2Å/s except for the cathode, which was fabricated
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at a rate of about 1Å/s. All layers of the BDASBi and PEBA OLEDs except for the
doped emission layer were deposited simultaneously in order to rule out differences in
layer thicknesses. In addition, the substrates were rotated at equivalent positions from
the axis during deposition. The active area of the OLEDs was circularly shaped with a
diameter of 1mm.

The current-voltage-luminance characteristics of the OLEDs were measured using a
semiconductor parameter analyzer (E5273A, Agilent Co.) with an optical power meter
(1930C, Newport Co.). The zero-degree spectra of the OLEDs were measured using a
multichannel spectrometer (SD2000, Ocean Optics Co.) through an optical fiber whose
end was positioned vertically towards the substrate of the OLEDs. The silicon photodi-
ode of the optical power meter was calibrated at a wavelength of 485 nm, corresponding
to the emission peak wavelength of the OLEDs. The emission spectra of the OLEDs
are sufficiently narrow to neglect the spectral dependence of the response of the silicon
photodiode. The photodiode captures light within a cone of approximately 56°. For the
calculation of EQE values from the measurement, a Lambertian emission was assumed,
which compares reasonably well with measured and simulated angular dependent spec-
tra229. Samples for radiative quantum efficiency measurements comprised 50 nm thick
doped films of 6wt% BDASBi or PEBA in CBP deposited on cleaned fused silica sub-
strates. Radiative quantum efficiencies were determined using an absolute PL quantum
yield measurement system (C9920-02, Hamamatsu Photonics K.K.).

The stack layout was optimized by optical simulations in order to obtain a high direct
emission for both isotropically or horizontally oriented emitting molecules, as can be seen
in the integral optical power dissipation shown in Fig. 11.18(c). Even for a completely
isotropic emitter orientation, the simulations predict a rather high outcoupling efficiency
ηout for direct emission of 20%. If all emitting dipoles were perfectly horizontally
oriented, the outcoupling efficiency would amount to a remarkable value of 32.6%.
This considerable enhancement is due to the fact that the vertical pz-dipole couples to
more than 94% to surface plasmons in this particular OLED stack225. Consequently,
by redistributing power from pz-dipoles to horizontally oriented dipoles, the emission to
air and substrate can be increased. It is important to emphasize that this enhancement
is solely based on the effect of emitter orientation. If additional outcoupling structures
were implemented to also extract substrate emission, the total outcoupling efficiency
could be increased from around 37% for isotropic orientation to approximately 60% in
the case of horizontally oriented emitters.

It was already demonstrated in Fig. 11.11(b) that BDASBi and PEBA doped into
CBP have an almost similar emission spectrum with a peak at about 470 nm. In addi-
tion, a rather comparable radiative quantum efficiency q of 65% and 55% was deter-
mined for BDASBi:CBP and PEBA:CBP films (6wt%), respectively. Neglecting any
effects of orientation, it is expected that the BDASBi OLED has a 1.16 times larger
external quantum efficiency than the PEBA OLED due to the difference in radiative
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quantum efficiencies. This value is slightly smaller than the ratio 0.65 : 0.55 because
PEBA benefits slightly more from the cavity enhancement (i.e. Purcell effect) due to
the smaller intrinsic value of q.
The simulations can also be used to predict the influence of orientation, which should

additionally boost the efficiency of the OLED with BDASBi. Assuming q = 65 % and
88% horizontal orientation from the analysis in the previous sections, it is expected that
the OLED based on BDASBi gains an extra enhancement of outcoupling efficiency (and
external quantum efficiency) by a factor of 1.37 in comparison to an isotropic orientation.
If BDASBi molecules were perfectly horizontally oriented, this enhancement would even
amount to a factor of 1.59. It should be noted that a slightly larger enhancement would
be expected from Fig. 11.18(c). However, the ratio between isotropic and horizontal
orientation changes a little bit if also cavity effects and a quantum efficiency q < 1 are
considered.

11.4.2. Current-voltage characteristics and emission spectra

For a conclusive determination of ηout from a measurement of ηEQE it is critical that
all other factors in Eq. (2.1) are comparable. First, the spin-allowed exciton fraction
ηST is generally accepted to have a value of 25% in small molecule OLEDs based on
fluorescent emitters39,40. Second, the radiative quantum efficiency q was determined
to be 65% for the BDASBi:CBP and 55% for PEBA:CBP layers, as discussed above.
This difference must be included in optical simulations due to different cavity enhance-
ment8,49,52. Finally, the charge balance factor γ is mainly governed by the transport
layers TPD and BPhen. Since both OLEDs comprise the same structure, it can be
assumed that γ is rather similar in both devices.
In addition, it is necessary to have information concerning the emitter position and

the distance to the cathode, because this has an important influence on the simulated
outcoupling efficiency. Since both BDASBi and PEBA contain triphenylamine sub-
stituents, it is expected that they have a higher hole than electron mobility. CBP also
shows a slightly larger hole than electron mobility88, therefore it is reasonable to as-
sume that the emission takes place close to the interface between the emitting layer and
BPhen.
In the following, the assumptions concerning charge balance and emitter position are

further verified by investigating the current-voltage characteristics and the zero-degree
emission spectra at different current densities. Figure 11.19 shows the current-voltage
characteristics for two OLEDs based on BDASBi and PEBA as emitters, respectively.
Since the OLEDs only differ in their dopant, the measured current density is nearly the
same for both devices. This strengthens the assumption of comparable charge balance.
Although charge trapping effects in the doped CBP matrix cannot be fully ruled out

due to slightly different LUMO energies of BDASBi and PEBA225, the almost identical
current-voltage characteristics give strong evidence that differences in charge carrier
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Figure 11.19: Measured current-voltage characteristics for OLEDs comprising either
BDASBi:CBP or PEBA:CBP as emitting layer.

transport and recombination in both devices do not play a dominant role. HOMO levels
of BDASBi and PEBA were determined by Daisuke Yokoyama (Yamagata University,
Japan) using vacuum-deposited films analyzed by atmospheric ultraviolet photoelectron
spectroscopy (Riken Keiki, AC-3). Both materials have a HOMO of 5.6 eV. In addition,
a HOMO level of about 6.0 eV was reported for CBP24. LUMO levels were calculated
from the HOMO levels and the low energy edges of the absorption spectra81,89 of neat
BDASBi, PEBA and CBP films on fused silica. The values are about 2.9 eV for BDASBi,
2.7 eV for PEBA and 2.6 eV for CBP. Hence, it cannot be completely ruled out that
electron trapping plays a slightly more important role in the BDASBi devices. However,
strong trapping effects probably would cause significant differences between BDASBi
and PEBA OLEDs in the current-voltage characteristics, which has not been observed
in the measurement. Regarding energy levels, it should be kept in mind that it is not
possible to determine exact values for organic films. Hence, the values differ depending
on the reference. For instance, HOMOs between 5.9 eV and 6.3 eV as well as LUMOs
between 2.6 eV and 3.0 eV have been reported for CBP24,76,77.
Zero-degree spectra of both OLEDs are plotted in Fig. 11.20 for different current

densities. The spectra are almost independent of current density, confirming that the
emitter position does not significantly depend on current density, as otherwise the spec-
tra would shift due to changing cavity effects26. In addition, Fig. 11.20 illustrates again
that the spectra of OLEDs fabricated with both materials are well comparable.

11.4.3. External quantum efficiency

The external quantum efficiency ηEQE is shown in Fig. 11.21. Apparently, ηEQE of the
OLED based on BDASBi compared to ηEQE of the PEBA OLED is significantly larger
than only a factor of 1.16, which would be expected from the difference in radiative
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Figure 11.20: Measured zero-degree emission spectra at different current densities
for OLEDs based on BDASBi:CBP (left) and PEBA:CBP (right).

quantum efficiencies. An average in the range between 0.1mA/cm2 and 10mA/cm2

yields an ηEQE of 2.7% for the BDASBi stack and 1.6% for the device based on PEBA.
It should be noted that the absolute values of ηEQE for both devices are smaller than
expected from simulations of the outcoupling efficiency, which yields approximately
3.9% for isotropic orientation and 5.9% for perfectly parallel orientation in case of
BDASBi and 3.3% for isotropically oriented PEBA molecules, respectively229. This is
probably due to imperfect charge balance owing to the fact that no doped transport
layers and selective carrier blocking layers were used in this rather simple OLED stack.
However, since both types of OLEDs utilize identical HTL and ETL (fabricated in the
same evaporation run) as well as the same matrix for the EML, it is believed that
both devices have quite comparable charge balance factor γ. In addition, it should
be emphasized that mainly the relative increase of outcoupling efficiency is of interest.
Thus, any effects that reduce the efficiency and that occur in both types of OLEDs
cancel out.

Taking into account the difference in radiative quantum efficiency, it follows that the
OLED based on BDASBi exhibits an increase of outcoupling efficiency compared to
an isotropic orientation by a factor of 1.45 due to the strongly horizontally oriented
dipoles. This is even slightly higher than the value expected from the analysis of dipole
orientation in both materials, but it validates the basic result of mainly horizontally
oriented dipoles in BDASBi obtained by ellipsometry229 and the angular dependent
photoluminescence measurement. Even allowing for different emitter positions in the
simulation of both devices or small deviations from a Lambertian emission pattern,
the outcoupling and external quantum efficiency of the OLED based on BDASBi is
significantly larger229. Considering that the orientation of BDASBi is not yet perfectly
horizontal, this manifests the enormous efficiency enhancement that can be obtained by
incorporating oriented emitters into OLED devices based on small molecules.
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Figure 11.21: Experimentally determined external EL quantum efficiencies as a
function of the current density. The blue curve represents an average of two mea-
sured pixels in order to account for small deviations between different pixels. The
EQE values are averaged in the range between 0.1mA/cm2 and 10mA/cm2 because
the measured curves have almost a plateau in this region, yielding an ηEQE of 2.7%
for the BDASBi stack and 1.6% for the device based on PEBA. For smaller current
densities there is probably no stable charge balance71, while quenching processes occur
for higher current densities89.

11.5. Phosphorescent guest-host systems

In the previous section, it was demonstrated for a blue fluorescent emitter that a hor-
izontal orientation can significantly enhance the efficiency of OLEDs. Certainly, for
a commercial application it is necessary to use also green and red emitters to obtain
white light. Moreover, in terms of efficiency it is desirable to implement phosphorescent
emitter systems. However, many phosphorescent emitters are rather bulky, which led
to the generally supported opinion that they show an isotropic orientation. Here, it
is demonstrated that partially oriented phosphorescent emitters do in fact exist, thus
opening up new prospects for extremely high OLED efficiencies.

The device layout used for determining the orientation by a PL measurement is
shown in Fig. 11.22(a). In this case, the stack represents an almost complete OLED.
Only the cathode was omitted, so that no coupling to surface plasmons takes place.
As a consequence, it is also possible to detect emission from vertical pz-dipoles. The
material under investigation is the red phosphorescent emitter bis(2-methyldibenzo-
[f,h]quinoxaline)(acetylacetonate)iridium(III) [Ir(MDQ)2(acac)] doped into a N,N’-bis-
(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine (α-NPD) matrix (8wt%). The structures
of both materials are displayed in Fig. 11.22(b). Similar stacks were also prepared as
real OLED devices with an additional Ag cathode to check the thicknesses of all layers
by comparing the emission spectra to optical simulations (Daniel Setz, OSRAM OS,
Regensburg, Germany).
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Figure 11.22: (a) Schematic illustration of the stack layout used for the determina-
tion of the orientation by a PL measurement. The emitting layer is made of the red
phosphorescent material Ir(MDQ)2(acac) doped into α-NPD (8wt%). In addition,
the stack comprises electron and hole transport layers (ETL and HTL) as well as
electron and hole blocking layers (EBL and HBL). The cathode was omitted so that
no coupling to surface plasmons occurs. The fabrication of the devices was carried
out at OSRAM OS, Regensburg, Germany, and is described in detail in Ref. [248].
(b) Molecular structures of Ir(MDQ)2(acac) and α-NPD.

In order to determine the dipole orientation, angular dependent PL measurements
were performed according to the method introduced in Sec. 11.3. Cross sections at a
wavelength of 610 nm of the simulated and measured p-polarized emission spectra are
presented in Fig. 11.23(a). It is apparent that the measured curve can be very well
reproduced by using a ratio of vertical pz- to horizontal px-dipoles of 0.6 : 1. Assuming
that the horizontal px- and py-dipoles are uniformly distributed, the total ratio of ver-
tical to horizontal dipoles is 0.6 : 2. This corresponds to a fraction of 0.6/2.6 = 23 %

vertical dipoles and 2/2.6 = 77 % horizontal dipoles. The comparison of the s-polarized
measurement with the corresponding simulation in Fig. 11.23(b) generally shows good
agreement, except for a certain deviation at angles around 55°.

The overall result demonstrates that the method of determining the orientation by PL
measurements can also be applied to OLED-like architectures without cathodes, so that
the environment of the emitter is similar to the actual OLED device and that influences
of adjacent layers are taken into account. To make sure that the result is not influenced
by the excitation condition, the sample was excited by both s- and p-polarized light. In
addition, the angle of incidence was varied between 45° and normal incidence. It was
found that the degree of orientation is independent of the actual excitation condition,
thus demonstrating that the absorbed laser energy is redistributed among the dipole
ensemble before the absorbed energy is re-emitted.

The result was also confirmed by using a different simulation program that also ac-
counts for reflections at the encapsulation glass245,248. In this case, a rather similar
result of vertical to horizontal orientation of 0.67 : 2 was found, which corresponds to a
horizontal orientation of 75%. By taking reflections at the glass interface into account,
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Figure 11.23: (a) Angular dependent cross section at 610 nm of the simulated and
measured p-polarized emission spectra of the device shown in Fig. 11.22(a). The
measured emission intensity is scaled so that the emission at small angles corresponds
to the simulations. (b) Similar to part (a), but for s-polarized emission.

the agreement between measured and simulated curves can especially be improved in
the range below 40°, yielding an almost perfect fit over the whole angular range. More-
over, very good agreement for the s-polarized case can be achieved. Details can be
found in Ref. [248]. It is worth mentioning that the orientation was also controlled by
Flämmich et al. using complete OLEDs under electrical operation with a chosen ETL
thickness that favors emission from vertical dipoles248, as discussed in Sec. 11.3. A
quite similar result for the ratio between vertical and horizontal dipoles of 0.63 : 2 was
obtained. This corresponds to a horizontal orientation of 76%, hence confirming the
value obtained from Fig. 11.23(a).

11.6. Conclusions

In summary, this chapter was dedicated to the influence of molecular orientation on
the efficiency of OLEDs. It was demonstrated by means of optical simulations that
emitting dipoles oriented horizontally with respect to the substrate plane boost the
outcoupling efficiency of OLEDs by a factor of typically 1.5. The main reason for this
enhancement is the fact that vertical dipoles dissipate their power almost completely to
surface plasmons in common optimized OLED devices.
In order to experimentally study orientation effects, it is required to determine the

orientation of the transition dipole moment of a given emitter system. Based on the
different emission patterns of vertical and horizontal dipoles, a method was introduced
that allows for the determination of the degree of orientation by performing angular
dependent emission measurements and comparing the results to optical simulations. In
contrast to other procedures, this is a straightforward and expeditious approach that
does not only result in a rough estimate but quantitatively determines the fraction
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of horizontally oriented dipoles even in doped films. The method has the advantage of
requiring only a very simple stack layout, thus making it possible to determine the dipole
orientation without the need of fabricating a complete OLED. It should be emphasized
that the detailed analysis of the cross sections only requires knowledge about the matrix
environment. Hence, neither the optical constants nor the PL spectrum of the dopant
are required, rendering this method particularly useful for a reliable investigation of
newly developed materials. To further simplify the method, it would even be sufficient
to detect the emission intensity only at two fixed angles, e.g. 0° and 60°, thus rendering
the rotary table unnecessary.

Concerning the stack layout used for the determination of orientation, it was found
that either an optical spacer layer should be used between the emitting layer and air
with a thickness of about 50 − 70 nm in case of CBP or that the spacer layer should
be completely omitted. The first layout has the advantage that the difference between
isotropic and horizontal orientation at large emission angles is maximal, whereas the
second structure offers the advantage that no uncertainties regarding the thickness and
optical constants of the spacer play a role.

The convenience of the presented measurement technique was demonstrated by the
investigation of two blue fluorescent small molecular emitters doped into a CBP matrix,
resulting in a considerable horizontal dipole orientation of around 88% in the case of
BDASBi, while PEBA seemed to be perfectly isotropically oriented.

To verify the enhanced outcoupling efficiency of horizontally oriented emitters, ex-
perimental results for a BDASBi OLED were presented and compared to a reference
PEBA OLED having a similar device layout but isotropic emitter orientation. It was
found that the OLED incorporating oriented BDASBi molecules shows better light out-
coupling and higher external quantum efficiency by a factor of about 1.45 compared
to the efficiencies that a BDASBi OLED would have in case of isotropically oriented
emitters. This basically agrees with the expected increase according to the determined
orientation of the emitter system. For perfectly flat-lying molecules, an increase of even
more than a factor of 1.5 would be expected.

The concept of non-isotropic emitter orientation to achieve enhanced light outcou-
pling, presented here for the first time in dye-doped small molecule OLEDs, is of course
not limited to fluorescent materials only, but can also be applied to phosphorescent dyes.
Since the latter are usually rather bulky metal-organic complexes, achieving horizontally
oriented emitter molecules will be more challenging than with rod-like linear molecules.
However, it was demonstrated that the red triplet-emitting material Ir(MDQ)2(acac)
shows a significant non-isotropic orientation when doped into an α-NPD matrix. For the
future, tailoring phosphorescent materials with respect to this feature, e.g. by asymmet-
ric organic ligands, might allow for a substantial increase in external quantum efficiency
from about 20% with isotropic emitter orientation to well beyond 30% in the case of
flat-lying dipoles - without any additional outcoupling structure.
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It should be emphasized that using horizontally oriented emitters fabricated in a com-
mon evaporation process does not change production costs at all. On the contrary, com-
parably efficient outcoupling enhancement techniques like scattering at grating struc-
tures significantly complicate the fabrication process and raise the costs accordingly.

It is also important to point out that horizontally oriented emitters simply enhance
the existing emission of an OLED without changing the angular dependent emission
characteristics. This is also relevant in the context of applications, which usually require
that the emission shows no strong angular dispersion (as in the case of gratings) or
no emission in different directions (as in the case of prism coupling). In contrast to
all methods discussed in the previous chapters, which are based on recovering power
lost to surface plasmons in order to increase the outcoupling efficiency, implementing
horizontally oriented emitters means to be one step ahead, i.e. the initial coupling to
surface plasmons is already reduced by about two thirds, and the power is redistributed
to more favorable optical channels like emission to air or substrate modes.

Regarding the material choice, it must be taken into account that the effect of hori-
zontally oriented emitter molecules can to some extend compensate for a lower radiative
quantum efficiency as compared to an isotropic material. For example, the search for
the longed-for stable deep-blue phosphorescent emitter could take a turn: The general
difference of a factor of 4 in the external quantum efficiency between phosphorescent
and fluorescent emitters reduces to only about 2.5 if the fluorescent emitter is horizon-
tally oriented. Thus, present stability problems with blue phosphorescent emitters may
be avoided without sacrificing too much in terms of efficiency.

Besides the enormous boost in outcoupling and external quantum efficiency, the use
of oriented emitters in OLEDs offers a series of additional benefits. First, the emitter
position may be shifted closer to the cathode without losing too much energy to surface
plasmons. Thus, the emitter can be placed at a position where it receives optimal
interference and cavity enhancement. Additionally, with horizontally oriented emitters
both the first and second cavity maxima are comparable in outcoupling efficiency, which
offers more freedom in stack design. The possibility to place the emitter close to the
cathode is especially important in white OLEDs and stacked OLEDs that comprise
several emitting layers249–252.

Furthermore, it is essential to know the correct dipole orientation in any analysis
of measured ηEQE values, since the outcoupling efficiency can change by more than a
factor of 1.5. If the emitter orientation is not properly taken into account, this implies
equivalently large errors in the determination of the internal quantum efficiency and, for
instance, the spin-allowed exciton fraction52,226. Moreover, optimizing the stack layout,
for instance finding the optimal distance to the cathode, requires accurate knowledge
about the actual degree of orientation in order to obtain maximum efficiency. Finally,
oriented molecules can also have a positive influence on the electrical behavior. Be-
cause alignment enlarges the overlap of molecular orbitals between adjacent molecules,
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non-isotropic orientation can contribute to an improvement of the charge transport
characteristics not only in OLEDs246,247 but also in organic field effect transistors. In
addition, organic photovoltaic cells could benefit from both a better charge transport
as well as from an increased absorption due to horizontally oriented emitters.

232
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Organic light-emitting diodes are flat and large-area light sources with a huge potential
for applications in general lighting. Laboratory samples have proven that these light
sources are very efficient, and first commercial products are already available. Nev-
ertheless, the overall efficiency of OLEDs is still far below the theoretical maximum.
This is mainly due to a rather low light extraction with losses resulting from total in-
ternal reflection in the OLED multilayer stack and from coupling to surface plasmons
at the metallic cathode. Typically, 80% of the optical power is trapped as substrate or
waveguide modes, or is coupled to SPs.
The motivation of this thesis was to fundamentally investigate the physical processes

that govern power dissipation and light extraction in OLEDs. By analyzing and under-
standing the physics inside an OLED multilayer stack, it was possible to develop novel
ways of enhancing OLED efficiency by either recovering some of the optical losses or
by reducing the coupling to unfavorable optical channels. This section summarizes the
main results of this work and gives an outlook on interesting future investigations.

Summary

The basic processes which take place in an OLED as well as some basic rules regarding
stack design were introduced and explained by means of four exemplary OLEDs. In or-
der to obtain maximum efficiency, four factors must be optimized. First, it is important
to have a balanced hole and electron transport. This can be achieved by using injection
layers, blocking layers, as well as doped transport layers. Second, it is favorable to use
phosphorescent emitters so that also triplet states contribute to the emission. Third,
emitter materials with a high radiative quantum efficiency should be implemented. Fi-
nally, it is necessary to extract as much light as possible from the thin film structure,
i.e. the light extraction must be optimized.
In order to understand the optical processes that determine the optical power dissi-

pation in an OLED, the basic interactions of electromagnetic waves with matter were
discussed, e.g. reflection and refraction at interfaces, as well as the occurrence of guided
modes in planar thin film structures.
Since OLEDs usually comprise a metallic cathode, it is required to account for cou-

pling to surface plasmons, i.e. p-polarized electromagnetic surface waves traveling at
the organic/metal interface. The dispersion relation of SPs was derived, and it was ex-
plained that special techniques (near-field coupling, grating coupling, or prism coupling)
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are required to couple SPs and light. This is due to the fact that SPs have a larger
wave-vector compared to electromagnetic radiation in the adjacent organic layer for a
given frequency. The prism coupling technique was demonstrated by means of a novel
surface plasmon resonance sensor which features an integrated OLED light source. The
sensor was also used to measure the angular and wavelength dependent SP dispersion
at thin layers of silver and gold adjacent to air.
Moreover, it was demonstrated that optical simulations based on a dipole model are

excellently suited to gain more insight into the optical processes that take place in an
OLED. It was explained that the radiative decay of an excited molecule is strongly
affected by interference effects and by the proximity to a metallic surface. Moreover,
it was shown that it is possible to distinguish between coupling to different optical
channels by studying the power dissipation of an excited dipole in an OLED cavity.
The simulation result was verified by comparing measured and simulated angular

dependent emission spectra. It was demonstrated that substrate modes can be extracted
by applying an index-matched outcoupling prism to the glass substrate. Furthermore, it
was shown that the comparison to optical simulations allows for a precise determination
of the actual thicknesses of the organic layers in the OLED stack.
Optical simulations were also used to quantitatively determine the fraction of power

coupled to each optical channel by integrating over the power dissipation. The simu-
lation of an exemplary OLED stack confirmed that waveguide modes and in particular
SPs typically cause losses of about 50% of the total power, thus representing a funda-
mental limitation to OLED efficiencies. Although an improvement was to some extent
obtained by optimizing the layer thicknesses, it was essential to reduce coupling to
waveguide modes and SPs, or to recover some of the losses.
Various ideas to extract substrate modes, waveguide modes or SPs have been re-

ported in literature. After explaining the basic physics behind each approach, optical
simulations were used to illustrate the influence of a special microcavity environment.
Although the direct emission can be enhanced, microcavities are limited to monochro-
matic OLEDs and are not appropriate in the case of white OLEDs. Using high-index
substrates combined with outcoupling structures allows for the extraction of substrate
modes and even waveguided modes. However, substrates based on high-index materials
are currently too expensive for an implementation in large-area OLEDs.
In this thesis, several approaches for enhanced light extraction were analyzed both

from a theoretical as well as from an experimental point of view. Most of the methods
are in particular compatible with common fabrication methods and applicable to a wide
range of OLEDs. Specifically, the main discussed methods were

• near-field coupling,

• grating coupling,

• prism coupling,
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• high-index coupling and

• emitter orientation.

The near-field coupling technique is based on the fact that SPs on two sides of a thin
metal film can couple and exchange energy if the refractive indices on both sides are
equal. By using appropriate acceptor molecules, the power lost to SPs can be partially
recovered and extracted as free-space radiation. The influence of thin films on the SP
dispersion was explained by analyzing the result of optical simulations for simplified
stack layouts. Furthermore, the basic concept was verified by photoluminescence ex-
periments using thin silver layers adjacent to doped PMMA films. By systematically
varying the thickness of the silver film, an optimal thickness for maximum SP mediated
energy transfer was determined. Evidence for the energy transfer was found by measur-
ing the excited state lifetime of the donor and acceptor molecules. In principle, SPs can
be partially recovered by using the near-field coupling method. However, the estimated
efficiency of this method seems to be insufficient for an application in OLEDs.
A more promising method for enhanced light extraction is the implementation of

grating structures to allow for outcoupling of bound modes by Bragg scattering. Periodic
one-dimensional grating structures were fabricated by nanoimprint lithography. By
measuring the angular dependent emission spectra under PL excitation, the extraction
of SPs and waveguide modes was demonstrated. The influence of different periods was
investigated by comparing grating periods of 555 nm and 833 nm, i.e. almost µm scale.
This illustrates that it is not always necessary to use gratings with a period below
500 nm, which are usually more complex and thus expensive in fabrication. Moreover,
the scattering order of all extracted modes was identified by comparison to optical
simulations. In order to demonstrate that grating coupling can also be cost-efficient,
the extraction of SPs by means of a common DVD structure was presented, i.e. by
scattering at the DVD track pitch having a period of 740 nm.
The main disadvantage of grating coupling is an angular dispersive emission, i.e.

the emission color changes with viewing angle. This must be corrected for a possible
application in general lighting. Nevertheless, grating coupling has the advantage that
the additional radiation arising from scattering is extracted into the same direction
as the directly emitted light, e.g. through the substrate in case of a bottom-emitting
OLED. In principle, it is possible to extract all bound modes by grating coupling, and
high efficiencies have been reported in literature. All in all, this technique is very well
suited for an application in OLEDs if the processes for grating fabrication can be further
improved and reduced in terms of cost.
Another interesting method to transform SPs into free-space radiation is the prism

coupling method. This technique is based on a reversed Kretschmann configuration,
i.e. SPs traveling on one side of a thin metal film can transform into radiation on the
opposite side of the metal if there is a medium with larger refractive index. The ba-
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sic physics of this approach was investigated in measurements using simplified stacks
having the structure organic/metal/glass combined with an index-matched outcoupling
prism. The organic emitter was excited by a laser, and the extraction of SPs was suc-
cessfully demonstrated. By varying the material of the metal film, it was found that
silver is the metal of choice. Furthermore, it was shown that the thickness of the organic
layer directly influences the SP dispersion. This was verified by measuring the angular
position of the extracted radiation for different organic layer thicknesses. Moreover,
the silver thickness has a crucial impact on this coupling method. An optimal silver
thickness of about 40 nm for maximum SP extraction was found as a consequence of two
competing effects: coupling of the organic emitter to SPs is stronger with increasing sil-
ver thickness, but the transmission through the silver film decreases. The experimental
findings regarding the influence of the silver thickness were also supported by optical
simulations.

The prism coupling geometry is also appropriate for extracting waveguide modes
through the thin silver layer as leaky modes. This was demonstrated by increasing the
organic layer thickness above 100 nm. Depending on the actual thickness, several s- and
p-polarized guided modes propagate in the organic film. This effect was verified by
measuring the angular dependent emission in the case of organic films having different
thicknesses. Similar to the case of SP extraction, the outcoupling of waveguide modes
strongly depends on the Ag thickness, as was verified by a systematic variation of the
Ag thickness and by optical simulations.

Based on the fundamental investigations of the prism coupling technique, this con-
cept is in principle well suited for an application in OLEDs. However, the situation
in an OLED is more complex because organic layers typically have a refractive index
around 1.8. Therefore, prism materials with a very high refractive index are required.
By using a prism made of LiNbO3, it was demonstrated by PL measurements of simpli-
fied stacks that SPs and waveguide modes can be extracted for arbitrarily thick organic
layers.

In order to apply this “high-index coupling” technique to real OLED devices, it was
necessary to produce OLEDs having a thin silver cathode. Although it was not possible
to attach the LiNbO3 prism due to the lack of an appropriate index-matching liquid,
the basic functionality of this concept was shown by applying a prism made of SF6 high-
index glass (n ≈ 1.8). It was demonstrated for the first time that not only substrate
modes, but in particular waveguide modes and even SPs can be partially recovered
from a state-of-the-art OLED by high-index coupling. Besides angular dependent mea-
surements, the concept was visualized by photographs, which clearly allowed for an
identification of each extracted optical mode.

The theoretical efficiency of high-index coupling was estimated by performing optical
simulations. A remarkable outcoupling efficiency above 80% was predicted by opti-
mizing the refractive index of the high-index material as well as the thickness of the
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silver layer. Of course, such a high efficiency makes this method ideally suited for an
application in OLEDs. Several ideas for a technical implementation were discussed.
For instance, modern OLEDs sometimes have a high-index thin film encapsulation.
By adding scattering particles or a certain surface roughness, very high outcoupling
efficiencies could be realized.

A completely different approach to all methods discussed so far is to reduce the initial
coupling of the excited molecules to unfavorable optical channels. Since power dissipa-
tion to SPs accounts for most of the optical losses, it is especially desirable to reduce
coupling to SPs. A very efficient method is based on the orientation of the transition
dipole moment of the molecule. Although this effect has already been known for poly-
mer materials, which often show a predominantly horizontal orientation with respect to
the substrate plane, small molecular materials usually have been assumed to be isotrop-
ically oriented. The influence of horizontally oriented emitters was investigated using
optical simulations for different dipole orientations. It was shown that horizontally ori-
ented dipoles typically gain an enhancement in light outcoupling efficiency by a factor
of 1.5 compared to an isotropic orientation. This effect mainly results from the fact
that vertical dipoles almost completely couple to SPs in the case of an optimized OLED
structure.

For a profound investigation of the emitter orientation in OLEDs, it was required
to quantitatively determine the orientation in fluorescent organic thin films. A novel
straightforward method was presented which allows for a determination of orientation
even for doped films, which are usually used in modern OLEDs. This technique is based
on angular dependent emission measurements and comparison to optical simulations.
The stack layout used for the analysis of orientation was optimized according to the
results of simulations. The feasibility of this method was demonstrated by analyzing
the orientation of the two fluorescent emitters BDASBi and PEBA doped into a CBP
matrix. While PEBA shows an isotropic orientation, i.e. 67% horizontally and 33%
vertically oriented emitters, a horizontal orientation of 88% was discovered in the case
of BDASBi.

To demonstrate the impact of orientation, two kinds of OLEDs were prepared, having
a similar device layout and using either BDASBi or PEBA as emitter materials. It was
found that the OLED based on BDASBi gains an enhancement in light extraction by
a factor of about 1.45, which agrees well with the expected enhancement taking into
account the mainly horizontal orientation of BDASBi in the CBP matrix. Thus, the
efficiency boost of horizontally oriented emitters in OLEDs based on small molecules
was demonstrated for the first time.

Moreover, it was shown that even phosphorescent emitters which usually have a rather
bulky structure can show a considerable non-isotropic orientation. The enhancement
of OLED efficiency on the basis of oriented emitters is particularly interesting from
a commercial point of view. This is due to the fact that certain guest-host systems
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intrinsically show a horizontal orientation. No additional layers or surface structuring
are required. Moreover, a horizontal dipole orientation does not cause any negative
effects like an angular dispersive emission. Based on these findings, the implementation
of horizontally oriented emitters in OLEDs is an excellent way to achieve a significant
boost in efficiency.
Altogether, this thesis presented a profound analysis of the physical processes in-

volved in power dissipation and light extraction in OLEDs. Several novel approaches
for enhanced light outcoupling were developed and thoroughly investigated in order to
understand the working principle of each method. By using one of these approaches
or by combining several of them, it should be possible to achieve very high efficiencies,
which is a basic requirement for a widespread application of OLEDs in general lighting.
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Outlook

The purpose of this thesis was to fundamentally analyze all aspects related to light
extraction in OLEDs and to understand the optical processes inside the OLED multi-
layer structure. Although several novel approaches were demonstrated which have the
potential to significantly enhance the light extraction in OLEDs, there are still many
interesting tasks for future investigations.

In the context of grating coupling, the influence of the grating period, amplitude
and of the grating shape could be investigated. Using a simulation program that takes
periodic structures into account might help to support the experiments. Clearly, the
effect of grating structures in real OLED devices under electrical operation will also be
an important topic for future work. In addition, the determination of the extraction
efficiency in OLEDs should be analyzed by combining angular dependent experiments
and integrating sphere measurements in order to distinguish all optical modes. It is
recommended to use emitters with a high quantum efficiency so that the intrinsic losses
are close to zero. In this case, the uncertainty regarding the effective radiative quantum
efficiency in the OLED cavity is small as long as moderate current densities are used.

The application of multidimensional gratings, e.g. produced by colloid monolayer
lithography, might be superior to one-dimensional gratings regarding the overall effi-
ciency. It should also be investigated if the implementation of random scattering struc-
tures, which principally provide a less dispersive emission, can compete with periodic
structures in terms of efficiency.

Future investigations could also be devoted to the high-index coupling method. Cer-
tainly, it would be very interesting to investigate waveguide and SP extraction in an
OLED under electrical operation. In addition, the extraction efficiency should be deter-
mined, e.g. by using an integrating sphere. These measurements, together with angular
dependent measurements, could be used to verify the results obtained by optical simu-
lations.

For a technical application of high-index coupling, it is required to investigate different
ways to extract radiation once it is inside the high-index layer. Besides the implemen-
tation of converter dyes into the high-index layer, the incorporation of metallic particles
is definitely an interesting approach253. By combining high-index coupling with a grat-
ing structure, light traveling inside the high-index region could be Bragg scattered and
extracted. This approach is especially interesting for top-emitting OLEDs. In this case,
it would be sufficient to deposit a rather thin high-index layer onto a structured glass
substrate instead of using expensive high-index substrates.

In the context of emitter orientation, there are many open questions since the investi-
gation of orientation effects in the case of small molecules has just begun. The method
for determination of the molecular orientation introduced in this thesis is particularly
well suited for the screening of novel material systems, because no information regarding
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the properties of the dopant material is required.
From a chemical point of view, the question arises if it is possible to modify the

chemical structure of some materials in order to enhance the horizontal orientation
without changing the emission properties too much. For instance, it was found that
materials having a long or planar molecular structure show more pronounced orientation
effects167, although the reason of orientation in amorphous organic thin films is not yet
understood.
Besides investigating novel materials, it is of central interest to analyze different

possibilities in order to influence the orientation of a given emitter. This can in principle
be achieved by changing the deposition conditions, e.g. evaporation rate or temperature,
or by modifying the roughness of the substrate247. Another task for future research is
the influence of an electric or magnetic field or of polarized light during the deposition
process.
In addition, the crystallization process could be further investigated. So far, changes

of the angular dependent emission pattern upon crystallization of the matrix were de-
tected, but it is not yet clear whether the effect is really based on a re-orientation of
the dopant or on a modification of the optical properties of the crystallized matrix.
It would also be interesting to combine orientation effects and prism coupling. De-

pending on the degree of orientation, the emitter should couple more or less to surface
plasmons. By measuring the SP emission in a Kretschmann configuration and by com-
paring the intensity to the directly emitted light, it should be possible to experimentally
verify that coupling to SPs mainly depends on the vertically oriented dipoles.
Moreover, the preparation of microcavity OLEDs using horizontally oriented emitters

is a promising topic for future research. In such an OLED geometry, it is possible
to tailor the OLED cavity in order to optimally boost horizontally oriented emitters.
According to the simulations presented in this thesis, very high outcoupling efficiencies
close to 40% for direct emission are predicted if the transition dipoles were completely
horizontally oriented.
Finally, the influence of emitter orientation in OLEDs could be verified by preparing

OLEDs based on the same emitter material but with different degrees of orientation.
A potential candidate for such a study is polyfluorene254,255, which can also exist in
a liquid crystalline phase. Depending on the preparation conditions, the transition
dipole moment of this material is either mainly horizontally or predominantly vertically
oriented244. Thus, the material is perfectly suited for directly measuring the influence
of orientation on OLED efficiency with only one type of emitter.
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A.1. Abbreviations

Materials

α-NPD N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine
Alq3 Tris-(8-hydroxyquinoline)aluminum
BCP 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
BDASBi 4,4’-bis[4-(diphenylamino)styryl]biphenyl
BPhen 4,7-diphenyl-1,10-phenanthroline
BSB-Cz 4,4’-bis[(N-carbazole)styryl]biphenyl
CBP 4,4’-N,N’-dicarbazole-biphenyl
DCM 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-

4H-pyran
F4-TCNQ Tetrafluoro-tetracyanoquinodimethane
Ir(MDQ)2(acac) Bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)-

iridium(III)
Ir(ppy)3 Tris(2-phenylpyridine) iridium
ITO Indium-tin oxide
LiNbO3 Lithium niobate
LR Lumogen Red
LY Lumogen Yellow
NaCl Sodium chloride
PEBA 4-(2,2-diphenylethenyl)-N,N-bis(4-methylphenyl)benzenamine
PEDOT/PSS Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
PMMA Polymethylmethacrylate
PtOEP 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum
S-DPVBi 4,4’-bis(2,2’-diphenylvinyl)-1,1’-spirobiphenyl
S-TAD 2,2’,7,7’-tetrakis-(N,N-diphenylamino)-9,9’-spirobifluoren
SrTiO3 Strontium titanate
TiO2 Titanium dioxide
TPD N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’-

diamine
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General abbreviations

a. u. Arbitrary units
AFM Atomic force microscopy
ATR Attenuated total (internal) reflection
CIE Commission internationale de l’éclairage
CRI Color rendering index
cw Continuous wave
DB Direct bottom emission
DT Direct top emission
DVD Digital versatile disc
EBL Electron blocking layer
EIL Electron injection layer
EL Electroluminescence
EML Emission layer
EQE External (electroluminescence) quantum efficiency
ETL Electron transport layer
HBL Hole blocking layer
HIL Hole injection layer
HOMO Highest occupied molecular orbital
HTL Hole transport layer
ISC Intersystem crossing
LED Light-emitting diode
LUMO Lowest unoccupied molecular orbital
OFET Organic field-effect transistor
OLED Organic light-emitting diode
OPVC Organic photovoltaic cell
PDCalc Power Dissipation Calculator
PL Photoluminescence
SB Substrate bottom emission
SEM Scanning electron microscope
SM Substrate mode / Substrate mode emission
SP Surface plasmon
SPP Surface plasmon polariton
SPR Surface plasmon resonance
ST Substrate top emission
TE Transverse electric
TM Transverse magnetic
WG Waveguide mode
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A.2. Optical constants

This section shows the optical constants which were used for most of the simulations
in this thesis in alphabetical order. For a few materials, a second data set was used
for some simulations. It should be noted that only the optical constants of the matrix
material were used in the case of doped layers. Some optical constants were determined
by Daisuke Yokoyama (Yamagata University, Japan) using variable angle spectroscopic
ellipsometry.
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Figure A.1: Optical constants of silver. The data set in (a) was used for most
simulations, while the data set in (b) was used in Chapter 9, Secs. 10.1–10.4 and
Sec. 11.4.
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Figure A.2: Optical constants of aluminum.
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Figure A.3: Optical constants of Alq3.
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Figure A.4: Optical constants of Au. The data set in (a) was used for most calcu-
lations, while the data set in (b) was used for the simulation in Fig. 4.11.
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Figure A.5: Optical constants of BPhen.
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Figure A.6: Optical constants of calcium.
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Figure A.7: Optical constants of CBP. The birefringence of CBP was not taken into
account. The optical constants shown in the figure were determined by variable angle
spectroscopic ellipsometry assuming an isotropic material for the fitting procedure.
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Figure A.8: Optical constants of fused silica.
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Figure A.9: Optical constants of (BK7) glass. The data set in (a) was used for most
simulations, while the data set in (b) was used in Secs. 11.3 and 11.4.
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Figure A.10: Optical constants of ITO. The data set in (a) was used for most sim-
ulations, while the data set in (b) was used in Sec. 11.4.

400 500 600 700 800
2.20

2.25

2.30

2.35

2.40

R
e
fr

a
c
ti
v
e
 i
n
d
e

x 
n

Wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

E
x
ti
n
c
ti
o
n
 c

o
e
ff
ic

ie
n
t 
k
 /
 (

1
0

-3
)

 n
 k

LiNbO3

Figure A.11: Optical constants of LiNbO3. The birefringence of LiNbO3 was not
taken into account. Instead, the plotted refractive index represents an average of the
ordinary and extraordinary refractive indices.
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Figure A.12: Optical constants of MgAg (Mg : Ag = 10 : 1).
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Figure A.13: Optical constants of NSF6 glass (almost identical to SF6 in this wave-
length range).
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Figure A.14: Optical constants of PEDOT/PSS.
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Figure A.15: Optical constants of PMMA.
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Figure A.16: Optical constants of S-TAD.
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Figure A.17: Optical constants of TPD.
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A.3. Optical simulation program

This section gives a brief overview of the optical simulation program “PDCalc” which
was used for almost all optical simulations in this work. Considering the required input
parameters, the thickness of each layer has to be specified, whereas an infinite expan-
sion within the substrate plane is assumed. It is furthermore necessary to specify the
distance of the emitter position to the next interfaces. This is required for the compu-
tation of the Fresnel coefficients of the upper and lower hemisphere, which assumes an
infinite emitting layer. It should be noted that the emitting region is assumed infinitely
sharp. Nevertheless, an extended emitter region could be calculated by running several
simulations and by performing a subsequent weighting according to the distribution of
the emitter zone. The complex optical constants of each layer in a wavelength range
between 400 nm and 800 nm have to be included as separate files. The substrate and
superstrate must have vanishing absorption if light should be emitted into these regions.

The spectrum of the emitting species must be provided in a range similar to the
optical constants. The specified spectrum is used to weight the simulation which com-
putes each wavelength separately. Typically, the simulation is performed over the whole
visible region from 400 nm to 800 nm. If the underlying spectrum only covers a certain
spectral region, the wavelength range for the simulation can be limited in order to
reduce the computation time. The spectrum is automatically normalized by the sim-
ulation program. It is reasonable to use a spectrum which has been determined by
photoluminescence of a thin film on glass in order to minimize cavity effects and thus
changes of the intrinsic spectrum. For instance, the spectrum of 50 nm Alq3 on glass
was shown in Fig. 2.3. Alternatively, the spectrum used for simulating an OLED can
be re-calculated. In this case, the simulation is first performed with an arbitrary or per-
fectly white spectrum (i.e. a spectrum which has the same value for all wavelengths).
Then, the result is adjusted in order to reproduce the measured unpolarized spectrum
of the OLED in normal direction. This method was used for the reference OLED in this
work. The agreement between the spectrum determined in this way and the measured
PL spectrum is excellent. Hence, it is also reasonable to use only the PL spectrum for
all simulations.

All layers contributing to waveguide propagation should be specified so that the bor-
der between waveguides and surface plasmons can be estimated similar to the capaci-
tance of a plate capacitor with several dielectric media, cf. Ref. [131] for details. How-
ever, this computation may lead to small errors in the case of very thick layers or when
layers with considerably different refractive indices are present. Then, the border does
not perfectly separate waveguides and surface plasmons. As a consequence, some frac-
tion of power coupled to waveguide modes is misleadingly attributed to surface plasmons
or vice versa, as can be seen in Fig. 5.9 for large ETL thicknesses. It is also possible
that waveguide and surface plasmon modes are broadened due to absorption in the
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stacks and that an overlap between waveguides and plasmons occurs. Nevertheless, this
usually has no influence on the main result because it does not affect the direct emission
and substrate modes.

It is further required to define the photoluminescence quantum efficiency 0 < q ≤ 1

in order to account for radiative and nonradiative decay channels, the latter not being
influenced by cavity effects. However, it is also possible to convert the simulated result
to other values of q subsequently.

The decay rates are numerically calculated by integrating over all in-plane wave vector
magnitudes from kmin to a certain upper integration limit kmax. It should be noted
that the integration basically should run from zero to infinity. However, since kx = 0

corresponds to an infinitely small angular cone in the hemisphere, the minimum value is
set to e.g. kx = 1× 105 m−1. The upper limit is often set to a value of kx = 4× 107 m−1

because no significant contribution to optical channels takes place for higher in-plane
wave vectors131. However, for certain stacks the upper limit should be increased. For
instance, if there is also some surface plasmon contribution in the blue wavelength regime
at high kx values, the upper limit should be at least set to kx = 4.5 × 107 m−1. This
was done for most of the simulations in this work. Moreover, for particular stacks like
microcavity devices with several metallic layers, a significant increase in the maximum
kx value may be required. However, it should be noted that a too large value of kx causes
a major problem if the emitter is positioned directly at the interface between two media
with different optical constants131, because the dipole model requires that the size of the
dipole is small compared to the distance from an interface25. Positioning the emitter
directly at the interface results in a power contribution that rises proportionally to k2

x,
thus leading to errors for large kx131. By limiting the upper integration boundary, this
problem can be circumvented. The emitter may also be positioned a few nanometers
away from the interface to prevent this problem.

An example which requires a larger upper integration limit is the microcavity OLED
which was introduced in Sec. 6.4. This stack supports a second surface plasmon at the
additional 26 nm thick silver film. Since the thickness significantly differs from a bulk
layer, also the surface plasmon dispersion is considerably changed and located at higher
kx values. This can be seen in the power dissipation plot in Fig. A.18. Obviously, the
second surface plasmon branch is not taken into account if the upper integration limit
is set to only 4 × 107 m−1 or 4.5 × 107 m−1. Therefore, the simulation was performed
up to 6× 107 m−1 with 1200 steps. In addition, the emitter was positioned 2 nm away
from the interface to S-TAD in order to prevent the problem discussed above, although
the influence of the diverging power for this device at kx up to 6 × 107 m−1 is still
negligible. It is instructive to also discuss the result for a monochromatic simulation
at a wavelength of 510 nm for which the cavity was optimized. In this case, the direct
emission has a value of 34.7%, i.e. a factor of 1.56 more than in the polychromatic
case assuming an Alq3 spectrum, cf. Fig. 6.3(b). This clearly visualizes the strong
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Figure A.18: Simulation of the total dissipated optical power for the microcavity
OLED shown in Fig. 6.3(a). The emitter position is assumed to be located in the
Alq3 layer at a distance of 2 nm from the interface to S-TAD. The simulation assumes
an isotropic dipole orientation and a PL quantum efficiency of q = 100 %. Red areas
indicate a high amount of dissipated power. The dashed white lines divide the graph
into four regions similar to Fig. 5.1(c). The dotted vertical line marks the value of
kx = 4× 107 m−1 which is typically used as upper integration limit.

cavity effects and the accompanying unfavorable interference effects for spectral regions
that differ too much from the optimal wavelength. Clearly, the cavity could be further
optimized by taking into account the broad emission spectrum and by choosing other
materials or completely different layer thicknesses.

The step size for the in-plane wave vector used in the simulation should also be briefly
explained. Typically, it is set to 1 × 105 m−1. In general, this is accurate enough in
order to correctly compute the contribution to waveguide modes. Using this value, a
computation runtime around 2 to 3 hours is obtained. Nevertheless, some simulations
were performed with a smaller step size of 0.5× 105 m−1, and accordingly the number
of steps was doubled. However, for example in the microcavity simulation discussed
above, the discrepancy between 1200 and 600 kx steps amounts to less than 0.1%. On
the other hand, for monochromatic variations it is recommended to further increase
the step size because the runtime is automatically reduced if the simulation at a single
wavelength is modeled. For instance, the monochromatic variation of both the HTL and
ETL thickness was performed with a step size of only 1 × 104 m−1 and 4500 steps. It
should be noted that the width of waveguide modes critically depends on the absorption
in the layers. Without absorption, the modes become infinitely narrow and thus can no
more be identified due to the finite kx step size50.

It is further noteworthy that the simulation does not distinguish between surface
plasmons (i.e. surface plasmon polaritons) and lossy surface waves. The latter decay
channel is mainly due to electron-hole excitations, i.e. it is nonradiative and the lost
power cannot be recovered109,135. It dominates the overall power dissipation at small
distances to a metal up to around 20 nm25,109. Hence, it is recommended to have at
least distances of the order of 20 nm between the emitter and a metal. An exception
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Figure A.19: Spherical coordinate system. A point P(r, θ, ϕ) is defined by radius r,
polar angle θ, and azimuthal angle ϕ.

was made for the calculations of the surface plasmon dispersions in Sec. 7.1 and Chap-
ter 8. However, in these cases only the wave vector position of the surface plasmon
was of interest and not the amount of power coupled to each optical channel, thus no
differentiation between surface plasmons and lossy surface waves was required.
Concerning the output of the simulation, several files are generated including the total

power dissipation as well as the power dissipation for each of the three dipole orienta-
tions and the combinations for the horizontal and isotropic case. Moreover, the results
are integrated according to their contribution to direct emission, substrate emission,
waveguide modes and surface plasmons. In addition, the enhancement or damping of
the radiative rate by the cavity is considered. A separate analysis is performed for each
dipole. Finally, the transmission of radiation into the substrate and air is computed.
For comparison to measurements, the in-plane wave vector kx may be converted to an

angle of emission in a certain medium like air or glass. Several corrections are required
which can be derived by comparing two expressions for the total emission Itotal in one
of the hemispheres, i.e. top or bottom. In the following, emission into glass in bottom
direction will be assumed. Of course, the discussion is also valid for top direction and all
other media besides glass. It is convenient to use a spherical coordinate system which
is illustrated in Fig. A.19.
First, the total emission can be derived from the basic simulation result by integrating

over the in-plane wave vector range from kx = 0 to kx = k1 = 2πnglass/λ:

Itotal =

∫ 2π

0

∫ k1

0
Isim(kx) dkx dϕ =

∫ 2π

0

∫ π/2

0
Isim(θ) ·

2π · nglass · cos θ

λ
dθ dϕ, (A.1)

where Isim(kx) (or Isim(θ)) describes the simulated emission intensity for a certain kx-
value (or angle). For this equation, the relation dkx/dθ = (2π ·nglass · cos θ/λ) was used
as well as the fact that the in-plane wave vector k1 corresponds to an angle of 90° in
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glass.
The second expression for Itotal is computed by integrating over a cross section

Icross(θ) using a spherical coordinate system and assuming a constant distance r of
the observer or detector from the emitter location:

Itotal =

∫ 2π

0

∫ π/2

0
Icross(θ) · sin θ dθ dϕ. (A.2)

This formula is also valid for computing the integral emission from a measured cross
section.
By comparing both expressions for Itotal, the correction factor required for transform-

ing the simulated emission Isim(θ) into an emission over a cross section Icross(θ) is found
to be [2π · nglass · cos θ/(λ · sin θ)]. In addition, the transmission through the stack has
to be taken into account, which reduces the intensity due to absorption and reflection
losses. It should be emphasized that the discrete kx values correspond to different an-
gles θ at each wavelength. To account for all these specifications, a Maple program was
developed which performs the conversion and makes an interpolation so that a matrix
in terms of wavelength versus angle is obtained.
If desired, the angular dependent spectra can be normalized with respect to the sum

of radiative and nonradiative decay channels, which might be required if a comparison
of the emitted intensities between different simulations is requested. As mentioned
above, the value kx = 0 is not computed in the simulation, hence no value at an angle
of 0° can be determined. However, a typical value of the minimum kx of 1 × 105 m−1

corresponds to an angle smaller than 1°. Therefore, it is reasonable to use this value
for normal emission, keeping in mind that the emission of an OLED typically is close
to Lambertian so that there is hardly any difference between 0° and 1°.
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