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Chapter 1 Introduction
In the last decade organic light-emitting diodes have been successfully introduced to the
market in the form of thin displays and portable electronics, e.g., TV, smartwatches and smart
phones. In this chapter we will introduce the working principles of OLEDs and the concepts
necessary for developing a basic understanding of the device physics. It also introduces the
challenges that need to be overcome before OLED technology also becomes suitable for
higher brightness applications such as automotive lighting and general lighting. These
challenges are related to the exciton dynamics in OLEDs, emphasizing the importance of
understanding the processes involved. At the end of this chapter the scope and outline of this
thesis are given.

Chapter 1

1.1

Introduction

Organic semiconductors are called “organic” as these materials consist primarily of carbon
and hydrogen atoms, which are the building blocks of all life as we know it, hence the name
“organic” materials. Organic semiconductors are special, as the number of organic molecules
is unlimited. Therefore the possibilities are endless. Organic semiconducting materials are
furthermore interesting, as their thin films are often flexible, light-weight. They can even be
transparent, which makes them highly interesting for all kinds of applications.
Among the various fields of organic electronics, including e.g., organic
photovoltaics (OPV) [1], organic field transistors [2,3] and organic lasers [4–6], organic
light-emitting diodes (OLEDs) are the only technology that has reached industrial levels. In
the last decade OLEDs had a successful introduction to the market in the form of flat panel
displays and in portable electronics such as smartphones and smartwatches. However, the
uptake of OLEDs in other applications such as general lighting, automotive lighting and
outdoor signage is still limited. Such applications require a large power efficiency at a
brightness of typically a few thousand candela per square meter, and a large operational
lifetime. OLEDs can have a large internal quantum efficiency at low brightness, but show a
significant drop in efficiency at high brightness. This drop is related to efficiency loss process
due to excitonic interactions. Such interactions also limit the operational lifetime, as they can
trigger degradation events. This is in particular limiting the applicability of blue OLEDs. To
be able to improve the efficiency and operational lifetime of OLEDs at high brightness, it is
vital to understand the processes involved.
In this thesis we disentangle the various processes involved in the efficiency loss at
high brightness and work towards a mechanistic description of these processes. Before we
discuss in detail the scope of this thesis (section 1.8), we introduce the development of OLED
technology (section 1.2) and the subclass of organic molecules that exhibits semiconducting
properties (section 1.3). This is followed by a short introduction of the working principles of
OLEDs (section 1.4) and the various classes of emitter molecules used in OLEDs (section
1.5). Subsequently we give an overview of the design challenges that need to be overcome
to improve OLED technology and how they are related to the exciton dynamics in OLEDs
(section 1.6).

1.2

Organic light emitting diodes

In short, organic light emitting diodes or OLEDs are electroluminescent light emitting
devices (LED) that are made of organic compounds which are able to emit light when a
voltage is applied so that a current flows through the device. In the last decade, OLED
technology was successfully introduced to the market in the form of OLED displays for
televisions, smart-phones and smart watches.
One of the attractive features of OLEDS over their inorganic counterparts, such as
liquid crystal displays (LCDs), is the possibility of manufacturing OLEDs on flexible
substrates. Furthermore, OLEDs don’t need a backlight panel, meaning that OLED pixels
don’t consume energy when they are black (off). This results in a larger contrast ratio, and
can lead to a lower energy consumption. An additional benefit is the possibility of
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manufacturing OLEDs in a “roll-to-roll” process similar to how newspapers are printed.
Moreover, transparent devices have been shown in laboratory settings, demonstrating the
feasibility of transparent panels that could be used in head-up displays [7].
Before the 1950s, all organic materials were assumed to be electrical insulators.
However, in the 1950s and 1960s it was discovered that a subclass of organic materials can
show conductivities comparable to inorganic semiconductor materials. In this period it was
also observed that organic semiconductor materials can show electroluminescent behavior.
It took until 1987 before the first OLED was made at KODAK by the American chemists
C.W. Tang and S. Vanslyke [8]. They reported efficient and low voltage OLEDs consisting
of a bilayer structure of vapor-deposited organic materials. In 1990 the first green polymer
based OLED using poly(p-phenylene vinylene) was fabricated by J.H. Burroughes et al. [9]
at the Cavendish laboratory at Cambridge University. After this, the interest in OLED
research grew rapidly. The Nobel prize in Chemistry of 2000 was awarded to the
Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa, for their pioneering work on
conductive polymers.

1.3

Organic molecules

Organic molecules are generally considered to be insulators. However, a subclass of these
molecules show sufficiently large charge carrier mobilities µe and µh, of electrons and holes,
respectively, for developing interesting semiconductor technologies, such as OLEDs. This
subclass of molecules consists of conjugated segments: carbon atoms with alternating single
and double bonds. The overlap of the electron orbitals in these molecules results in a
delocalization of the π-electrons, leading to their conducting properties. Figure 1.1 shows
prototypical semiconducting molecules often used in OLEDs. The left two molecules (mCP,
TCTA) are often used by virtue of their conductive properties. The two molecules on the
right are used for their electroluminescent properties.

Figure 1.1 Prototypical molecules used in OLEDs: 1,3-bis(N-carbazolyl)benzene (mCP),
tris(4-carbazoyl-9-ylphenyl)amine
(TCTA),
bis(2-benzo[b]thiophen-2-ylpyridine)
(acetylacetonate)-iridium(III) (Ir(BT)2(acac), yellow emitter), bis[2-(2-pyridinyl-N)phenylC] (acetylacetonato)-iridium(III) (Ir(ppy)2(acac), yellow-green emitter).

3

Chapter 1

The most important energy levels of organic molecules are the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Just like the
states at the top of the valence and at the bottom of the conduction band in inorganic
semiconducting materials, the energy difference between these levels determines the
semiconducting energy gap. These orbitals determine therefore for a large part a molecule’s
electronic and photo-physical properties. When an organic molecule is excited, an electron
is moved from the HOMO to the LUMO, leaving behind a hole. Due to the small density of
π-electrons in these materials, the relative dielectric constant is small (εr ≈ 3 − 4). The electron
and hole are therefore strongly Coulomb-correlated and can therefore be considered as a
quasi-particle, called an exciton (Frenkel-exciton), localized on the molecule. Moreover,
when a charge is introduced on a molecule, its environment will be strongly polarized, due
to the strong correlation of the charge and its resulting polarization. The charge and its
polarization are considered as a quasi-particle, called a polaron.

1.4

Working principles of OLEDs

The basic structure of an OLED consists of a thin film of organic materials, sandwiched
between two metal electrodes. By applying a small voltage over the metal electrodes,
electrons and holes are injected. When electrons and holes meet in the organic layer, they
will form a bound electron-hole pair, called an exciton. The excitons live a short while before
they decay to the ground state, upon which light is generated.

Figure 1.2 (a) Schematic of the multilayer structure in a state-of-the-art OLED, including a
hole injection layer (HIL), hole transport layer (HTL), electron blocking layer (EBL),
emissive layer (EML), hole blocking layer (HBL), electron transport layer (ETL) and an
electron injection layer. (b) Energy level diagram for the layered OLED structure.
Optimization of OLEDs has led to more complicated stack designs with multiple layers. In
Figure 1.2 an example of such a stack is shown. State-of-the-art OLEDs typically consist of
the following layers: The anode (hole injecting electrode), typically indium tin oxide (ITO),
which is used for its good transparency and conductive properties. The cathode (electron
injecting electrode), which can consist of a wide range of metals or alloys; such as aluminum
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(Al), magnesium-silver (Mg-Ag) and many more, depending on the required workfunction.
To enhance the injection of the electrons and holes, injection layers are used (EIL and HIL
respectively). These layers enhance the injection by bridging the energy gap between the
electrodes and the inner layers. The transport layers (ETL and HTL), with a large electron
and hole mobility, are used to optimize the distance between the electrodes and the emissive
layer, as it is known that close to metal electrodes the generated excitons are quenched,
resulting in a lower efficiency. The emissive layer is the layer in which the electrons and
holes meet. This layer typically consists of two materials: a transport material, often referred
to as the “host”, and a smaller concentration of emitter molecules, where the light is generated
and which determines the color, also known as the “guests”. Often, a mixture of two
molecules is used as host. This is done to optimize the balance between the mobility of the
electrons and holes throughout the emissive layer. It is also possible to use multiple guest
molecules, thereby mixing different colors of light to obtain a specific color. The same can
be achieved by stacking multiple OLEDs with different colors. For example, by stacking a
red, green and blue OLED, white light can be made. To prevent the escape of the charge
carriers from the emissive layer electron and hole blocking layer (EBL and HBL) are utilized.
To limit the number of layers, state-of-the-art materials are designed such that multiple
functionalities are combined. For example, a material with a good hole conductivity and
small LUMO energy can be used to combine the functionalities of the HTL and EBL in one
layer.

1.5

First, second and third generation OLEDs

Upon recombination of electrons and holes (which have a spin equal to ½) in the emissive
layer, quantum-statistically 25% of the generated excitons will be in a singlet configuration
(S = 0) and 75% will be a triplet exciton (S = 1) [10,11]. Due to the exchange energy, the
first triplet excited state T1 is lower in energy than the first singlet excited state S1. Only
singlet excitons can decay radiatively to the ground state S0 (S = 0), typically within about 1
ns, and emit light. Radiative decay of a triplet exciton to the S0 state would need to involve a
spin flip, and is hence quantum mechanically forbidden. In the first generation OLEDs
fluorescent emitters were used, containing only relatively light elements, so that the excited
state are essentially pure singlets and triplets. For such molecules only the singlets can decay
radiatively to emit light. Therefore the maximum internal quantum efficiency (IQE) that can
be achieved for fluorescent OLEDs is 25%. In Figure 1.3 the energy diagram of the ground
state, the first excitations and the possible transitions are depicted.
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Figure 1.3: Jablonski diagram of the three different generations of emitters in OLEDs. In the
first generation fluorescence was used, reaching a maximum internal quantum efficiency
(IQE) of 25%. In the second generation, phosphorescent emitters could achieve an IQE of
100% by utilizing reverse intersystem crossing (rISC) pathways due to a strong spin orbit
coupling in these emitters. In thermally activated delayed fluorescence (TADF), an 100%
IQE is achieved by reducing the singlet-triplet gap (ΔEST) allowing for (r)ISC due to thermal
excitation.
The first phosphorescent emitter molecules in OLEDs were reported by Thompson
and coworkers [12]. In phosphorescent OLEDs the triplet states are also emissive. This was
achieved by incorporation of a heavy metal atom, such as iridium (Ir) in the emitter molecule.
The presence of the heavy metal atom gives rise to spin-orbit coupling. Mixing some singlet
character into the triplet state results in an emissive triplet state. Therefore, the internal
quantum efficiency can potentially reach a 100% [13,14]. These second-generation OLEDs
are suitable for use in a wide-range of applications, and the excitonic interactions in such
OLEDs are a subject of this thesis. The radiative lifetime of the triplet exciton is much longer
than the singlet lifetime in fluorescent emitters, viz ~ 10 ns. For the Ir-based metal-organic
emitters used in practice the phosphorescent lifetime is typically of the order of a
microsecond. Due to this longer lifetime, quenching processes are more likely. Therefore,
managing these processes is crucial for further optimization of OLEDs [15].
In 2016, Adachi et al. [16] introduced thermally activated delayed fluorescence
(TADF) OLEDs as the possible third generation of OLEDs. In TADF molecules the energy
difference of the singlet and triplet states is very small (∆ES,T). Triplet excitons are therefore
able to convert by thermal excitations into singlet excitons (“reverse intersystem crossing”,
rISC). Therefore, reaching 100% IQE is possible in these devices, see Figure 1.3. How this
exactly works is still under debate [17–19]. The emission from TADF molecules shows
prompt and delayed components, with lifetimes of delayed fluorescence in the range of
1-10 microseconds. A disadvantage of these TADF emitters is that the emission spectrum is

6

Introduction

often quite wide. However, recently strategies were proposed to circumvent this problem by
introducing an additional fluorescent emitter [20].

1.6

Challenges in OLED design

Although OLED technology has already been successfully introduced to the market in the
form of OLED displays for televisions, smart-phones and smart watches, scientific and
technological challenges remain. OLEDs were successfully introduced in portable electronic
devices and televisions, as the power consumption requirements for these applications are
still relatively low as compared to more demanding lighting applications. Current state-ofthe-art phosphorescent OLEDs show a drop in the efficiency at high brightness (luminance),
the so called efficiency “roll-off”, see Figure 1.4. Thus hinders the uptake of OLEDs in
applications in general lighting, automotive and outdoor signage because of the required high
brightness for these applications. Even in applications with a relatively low luminance
requirement, such as displays, the requirement on the pixel level can be orders of magnitude
higher due to the limited aperture ratio [21]. Furthermore, OLED technology struggles with
the strict requirements on the lifetime of these applications, especially blue colored pixels are
problematic [22–24]. To be able to improve OLEDs regarding these aspects it is essential to
understand the fundamental processes that occur in an OLED.

Figure 1.4: schematic of the efficiency for phosphorescent (red) and fluorescent (blue)
OLEDs as a function of luminance. The figure shows a drop in efficiency for phosphorescent
OLEDs at high luminance levels.

7

Chapter 1

The efficiency of an OLED at low brightness is best expressed by the external
quantum efficiency, ηEQE, which describes the ratio between the number of emitted photons
and injected charge carriers. The external quantum efficiency is dependent on a number of
factors, expressed by the following equation
(1.1)
EQE  rec ST rad out ,
with ηrec the recombination efficiency, the fraction of charge carriers that recombine to form
an exciton, ηST the fraction of the formed excitons that can emit by spin statistics (up to 100%
for phosphorescent OLEDs), ηrad the fraction of emissive excitons that actually decay
radiatively and ηout the outcoupling efficiency (typically 25-30%). Equation (1.1) does not
take efficiency loss due to bimolecular processes into account, which become important when
an OLED is operated at a high luminance level.
Due to the longer lifetime of phosphorescent emitters, the density of excitons in
phosphorescent OLEDs is very high compared to fluorescent OLEDs at high luminance
levels, i.e, in the order of ~1 μs compared to ~10 ns for fluorescent emitters. Therefore, the
probability of triplet exciton loss processes due to intermolecular interactions, such as the
interaction with charge carriers (polarons), triplet-polaron quenching (TPQ), and the
interaction with other triplet excitons, triplet-triplet annihilation (TTA), is high. These
interactions will reduce the number of excitons that decay radiatively, resulting in a lower
efficiency at higher luminance levels. See Figure 1.4.
The operational lifetime of an OLED is limited due to extrinsic and intrinsic causes.
Most of the materials used in OLEDs will degrade when exposed to the atmosphere. This can
be prevented by encapsulation. Furthermore, OLED materials can also degrade due to the
exciton loss events described previously, as these can trigger bond-breaking processes. Upon
degradation, trap states and possible quenching sites can be formed, resulting in a decrease
of the efficiency [22,25,26].
For the further improvement of OLEDs it is important to understand the excitonic
loss processes that are involved at high luminance levels. Therefore it is of the utmost
importance that the fundamental processes that are involved in the exciton dynamics of
OLEDs are understood, as these play a crucial role in determining the efficiency as well as
the lifetime of OLEDs.

1.7

Towards a mechanistic description

Due to the complexities in OLED design, predictive modeling can be a powerful tool in the
further optimization of OLED efficiencies, as well as for correctly interpreting experiments.
Typically, in literature first generation models are still being used. In first generation models
a continuum description is used, meaning that the disordered and discrete nature of the
materials is not taken into account. Examples of these models are drift-diffusion models to
describe the current density and the rate equation approaches to describe the excitonic
dynamics in OLEDs. In a rate equation approach the time-dependent triplet density T(t)
modified by exciton loss processes can be described by a rate equation in which every
process is described by a rate coefficient. For example, the following equation, describes how
the triplet density is modified in time by TTA and TPQ
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dT
T
1
 G   kTPQ nPT  kTTT 2 ,
dt

2

(1.2)

with G the triplet generation term, τ the triplet lifetime, kTPQ the triplet-polaron quenching
rate coefficient, nP the polaron density and kTT the triplet-triplet rate coefficient. This
approach is often used to describe the exciton dynamics in literature for its simplicity and
didactic value [28,29]. However, these models neglect the filamentary nature of the current
[30] and the non-uniform distribution of the charge carriers and excitons through the device
[31]. Furthermore, capturing a process such as triplet-triplet annihilation in a single rate
coefficient is an oversimplification of the reality. As such a process generally happens in
multiple steps, each with its own rate, i.e., exciton diffusion steps and the annihilation steps.
Therefore this approach is insufficient to give an accurate description of the physics.
Moreover, the rate coefficients are determined phenomenologically, so that predictive
modelling of OLEDs is impossible using a rate equation approach.
In mechanistic modelling every process which can occur in an OLED is expressed
by a rate. This rate is based on a mechanistic description of the physical processes, where no
phenomenological fitted parameters are used. Using experiments in combination with stateof-the-art modeling tools that take into account the positional and energetic disorder of the
materials and where all individual processes are described mechanistically, allows for
disentangling and studying of the individual processes. This paves the way for experimentally
validated predictive models that are not only able to predict current-voltage characteristics
[32], but also the “roll-off” and the degradation of OLEDs [33]. In the next section we give
an outline of this thesis and the steps we take to disentangle and describe all relevant
processes.

1.8

Outline of this thesis

In this thesis we experimentally study the exciton loss processes in organic light-emitting
diodes. We limit ourselves to materials used in phosphorescent organic light-emitting diodes
in which the emissive organic semiconductor layer (EML) usually contains a small
concentration of emissive metal-organic “guest” molecules, embedded in an organic
semiconductor "host" material. The internal quantum efficiency (IQE) of such OLEDs is
determined by the probability that the triplet excitons formed on the emissive metal-organic
dye molecules will decay radiatively. When the charge carriers and triplet excitons are wellconfined to the EML, the main potential loss processes are intrinsic non-radiative decay,
concentration quenching, triplet-triplet annihilation (TTA) and triplet-polaron quenching
(TPQ). TTA and TPQ are due to bimolecular interactions, and give rise to an efficiency rolloff at high brightness. In addition, TTA and TPQ can trigger degradation events. The
effective rate of both processes is enhanced by exciton diffusion. The exciton dynamics in
the EML results thus from a complex interplay of many processes. In this thesis, we will
show how from experimental studies a mechanistic description of the exciton dynamics can
be obtained, enabling the disentangling of the various contributions to the efficiency roll-off.
Figure 1.5 gives a schematic overview of the scope and outline of this thesis.
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Figure 1.5 Schematic overview of the scope of this thesis. In Chapters 3-5 we describe the
processes which lead to exciton losses in photoluminescence experiments. In Chapter 6 we
study the exciton loss processes when a voltage is applied, resulting in a current through the
device. Describing all individual processes mechanistically will lead to an experimentally
validated model that can predictively model the roll-off and degradation in OLEDs.
Developing such a model is outside the scope of this thesis.
In Chapter 2, we provide the theoretical background of the excitonic processes in
organic semiconductor materials. Initially, the molecular excitonic states and the
intramolecular relaxation processes and how these relate to the photo-luminescent efficiency
are discussed. Next, the two energy transfer mechanisms that enable the transfer of energy
between molecules are introduced. We elaborate on the mechanism of the excitonic loss
processes and how they can be experimentally studied.
In Chapter 3 we will show how to use a novel analysis method proposed by van
Eersel et al. [33] and first applied by Zhang et al. [34,35] for analyzing transient
photoluminescence (PL) experiments. Using this method it is possible to determine from one
single sample whether the TTA loss mechanism is a single-step or a multi-step process. The
method is applied to a concentration series of the material system TCTA:Ir(ppy)2(acac). By
comparing the experimental results to kinetic Monte Carlo simulations a quantitative
microscopic picture is obtained of the exciton diffusion between guest molecules and the
triplet-triplet annihilation process.
To better understand the role the host plays in triplet-triplet annihilation in organic
host-guest systems the TTA rate is measured for a large number of host-guest materials
systems in Chapter 4. We find that the TTA rate does not only depend on the direct
interaction rate between the excitons on the guest molecules, but also on the difference in
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triplet energy ΔET of the host and guest molecules: when ΔET is smaller than about 0.20 eV,
diffusion of excitons via the host molecules leads to a significant enhancement of the TTA
rate. Using kinetic Monte Carlo simulations, the roles of the direct interaction, guestmediated diffusion and host-mediated diffusion are disentangled.
In Chapter 5, for a selected subset of 7 material systems with weak confinement
energy, the diffusion coefficient for host-diffusion is obtained by analyzing time-resolved
photoluminescence (PL) experiments using a simple analytical model that takes all
contributions to the enhanced TTA rate into account. The model is validated using kinetic
Monte Carlo simulations. We demonstrate the method by applying it to four materials that
are frequently used as a host in the emissive layer of organic light-emitting diodes. By
combining these materials with chemically different emitter molecules, the consistency of
the method is shown. The observed strong material dependence of the diffusion coefficient
is explained qualitatively by the triplet exciton transition density (DFT) distributions on the
molecules studied, which were obtained from Density Functional Theory calculations.
In Chapter 6 we demonstrate a comprehensive method for determining the TPQ
(hole) rate coefficients in the EML of phosphorescent OLEDs using steady-state and transient
PL studies of hole-only devices. The material system m-mTDATA:Ir(ppy)2(acac) is selected
as the highest-occupied molecular orbital (HOMO) of the host molecules is above (less
negative ionization potential) the HOMO of the guest molecules. This allows us to use
experimental charge transport studies combined with kMC simulations to determine the
position-dependent polaron density in the hole-only devices. Combining electrical and
transient photoluminescence (PL) experiments, and optical simulations yielding the positiondependent light-absorption and light-emission probabilities, the TPQ (hole) rate coefficient
is determined.
In the final chapter, Chapter 7, we combine the insights obtained in the previous
chapters to draw some general conclusions. We discuss the progress we made towards a
mechanistic description of the exciton dynamics in OLEDs. Furthermore, we have a look at
the remaining questions, and give an outlook on how these can be answered.
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Chapter 2 Exciton dynamics in
organic semiconductors
In Chapter 1 we discussed the basic working principles of OLEDs and the importance of
understanding the exciton dynamics in organic semiconductor materials for further
improving OLEDs.
In this chapter, we provide the theoretical background of the excitonic processes in organic
semiconductor materials. First, the molecular excitonic states and the intramolecular
relaxation processes and how these relate to the photo-luminescent efficiency are discussed.
Next, we argue that describing excitonic processes with a rate equation oversimplifies the
description of the physical processes that occur in OLEDs. The two mechanisms that enable
transfer of energy between molecules, Förster and Dexter transfer, are introduced. Finally,
we discuss the mechanisms that describe the loss of excitons due to intermolecular
interactions that are responsible for the reduced efficiency at high luminance levels. We
discuss in detail how these processes happen and how they can be experimentally measured.

Chapter 2

2.1

Introduction

An exciton is an electrically neutral quasi-particle in a semiconductor, formed by a
Coulombically bound electron-hole pair. In organic materials excitons can be formed via two
generation processes, viz. optical and electrical. When a photon is absorbed, an electron is
excited from the HOMO to the LUMO, leaving behind a hole in the HOMO, forming an
exciton. Excitons can also be formed when in a device electrically injected electrons and
holes form bound pairs. The exciton is then formed when a charge carrier hops to a molecule
that is occupied by an opposite charge. Whether an exciton is strongly localized is determined
by the dielectric permittivity of the medium. As the dielectric permittivity of organic
materials is low, the relative dielectric constant is typically εr ≈ 3 − 4, the formed excitons
are Frenkel excitons. The excitons are either localized on a single molecule, or (in some case)
formed by a hole on one molecule, bound with an electron on a neighboring molecule. This
type of exciton is referred to as a charge-transfer (CT) exciton [1].
As discussed in Chapter 1, the exciton dynamics in OLEDs plays a key role in
processes determining the efficiency. In the literature, the exciton dynamics is often described
by empirical models. These models use a rate equation to describe the processes involved. In
a rate equation, processes such as the exciton generation, radiative and nonradiative decay as
well as terms that describe the intermolecular process can be taken into account. The triplet
exciton density nEx can then be expressed as
dnEx
n
n
1
 G  Ex  Ex  kTPQ nP nEx  kTTA nEx 2
dt
 r  nr
2

(2.1)

with G the exciton generation rate, τr (τnr) the exciton radiative (non-radiative) lifetime, kTPQ
the rate coefficient for triplet-polaron quenching, nP the polaron volume density and kTTA the
triplet-triplet annihilation rate coefficient.
However, to express these processes in a rate equation is oversimplifying the
physics in OLEDs. A rate equation neglects the non-uniformity of the charge carrier and
exciton distributions and the filamentary nature of the current. Moreover, intramolecular
processes such as triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ) are
not only dependent on the encounter-distance-dependence of the rate with which TPQ and
TTA processes take place, but also by the exciton diffusivity. In order to accurately quantify
and disentangle the relative contributions from TTA and TPQ, it will be necessary to develop
a mechanistic description of the direct triplet-triplet and triplet-polaron interaction rates and
of the exciton diffusion process.
In this chapter we will discuss the physics of the exciton dynamics in OLEDs. It
starts with describing the excited states and the intramolecular relaxation processes that are
responsible for the radiative and non-radiative decay. Next, we discuss the intermolecular
energy transfer processes giving rise to exciton diffusion and the annihilation processes.
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2.2

Excited states and relaxation

In this section we will discuss the photo-physical states and processes that need to be
considered when developing a device model for OLEDs. These states and processes are
shown in the Jablonski diagram of Figure 2.1 [2]. The energies of all excited states (singlets,
Sn, and triplets, Tn) are defined relative to the energy of the ground state, S0. Excitation or deexcitation of a molecules is accompanied by a change of the vibrational state of the molecule.
These vibrational state energies are quantized, with vibrational mode energies up to 400 meV
[3,4].
Excitons can be generated in an electrical device or by an optical excitation. The
subsequent emission due to radiative decay is called electroluminescence or
photoluminescence, respectively. Upon an electrical excitation four different type of excitons
can be generated, one in the singlet configuration and three with the triplet configuration. In
the case of an optical excitation, upon absorbance of a photon by a molecule in the S0 ground
state, the molecule is excited to a higher singlet state Sn. Optical excitations are spin
conserving. However, in materials containing triplet excitons in the T1 state, light absorption
can lead to an excitation of an exciton in the T1 state to a higher Tn state.
The excitonic energy levels are well defined for each molecule. However in
structurally disordered (amorphous) organic semiconductors they depend on the detailed
local environment. This leads to a distribution of energy levels, the density of states (DOS).
The DOS has a certain shape, mean energy and standard deviation of the energy σ. As an
exciton is neutral, its energy is less affected by the polarizability of its surroundings than the
energy of a polaron. The width of the DOS of excitons is therefore generally smaller than for
polarons.
For the relaxation of an excited state to the ground state, multiple pathways are
possible. Singlet excitons can emit a photon upon relaxing to the ground state S0. The
emission from a singlet state is referred to as fluorescence. The relaxation from a triplet state
to the ground state S0 is spin-forbidden. However, by introducing a heavy metal atom in the
molecule, which induces strong spin-orbit coupling, a small amount of singlet character is
mixed-in. This allows for phosphorescence, i.e., the emission of a photon upon decay of a
triplet state to the ground state. The fluorescent and phosphorescent pathways are indicated,
respectively, in blue and red in Figure 2.1.
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Figure 2.1 Jablonski diagram of the exciton energy levels and photophysical processes in
organic materials. Thick lines indicate the different excited states (S singlets, T triplets). The
thin lines indicate the vibronically excited exciton states. The straight arrows indicate the
radiative processes and the wobbly arrows the non-radiative processes such as (reverse)
intersystem crossing (r)ISC.
Not all relaxation pathways are radiative transitions. Also non-radiative pathways
play an important role in organic materials. In non-radiative decay the excitation energy is
lost thermally via vibrational modes of the molecule. The non-radiative decay rate of higherexcited states to their corresponding lower lying states mediated by intermediate vibronic
states is typically much faster than the radiative decay process. The transition rate between
the various excited states is dependent on the overlap of the orbitals of these states. This
overlap is largest between electronic states with minimum energy difference. Typically, for
organic molecules the vibrational energy levels of higher-excited states lie fairly close
together. Therefore, the nonradiative decay to the S1 or T1 excited state is faster than the
radiative pathways. Hence, the emission of photons, i.e. fluorescence and phosphorescence,
originates solely from the lowest excited states S1 and T1 (“Kasha’s rule”). The non-radiative
decay rate of the S1 state (or the T1 state of a phosphorescent molecule) to the S0 state is also
strongly dependent on the energy gap between these states. With increasing S1-S0 or T1-T0
energy the nonradiative decay rate decreases. This is called the “energy gap law” [2,5–8].
Singlets can be converted into triplets via intersystem crossing (ISC), and triplets can be
converted into singlets via reverse intersystem crossing (rISC).
The photoluminescence efficiency, ηPL, is the fraction of excitons that actually decay
radiatively. This is determined by the ratio between the radiative decay rate τr-1 and the total
effective decay rate:
 1
 1
(2.2)
 PL  r1  1 r 1 ,

 nr   r
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with τ the lifetime of the exciton. All lifetimes can be determined from PL experiments. The
lifetime of the exciton can be determined from transient PL measurements. When combined
with a measurement of the PL efficiency, i.e. an integrating sphere measurement, the rates
1/τr and 1/τnr of the radiative and nonradiative decay processes can be determined. Note that
it is crucial that these measurements are done at low fluence levels. Otherwise bimolecular
loss processes can affect the measurement outcome. These bimolecular loss processes will
be discussed in Section 2.4.

2.3

Energy transfer

Energy transfer plays an important role in exciton diffusion, exciton annihilation and excitonquenching. An exciton can be transferred, from a donor molecule D to an acceptor molecule
A, by emission and absorption of light, or non-radiatively by quantum-chemical coupling
[1–3,9,10]. The emission and subsequent absorption of a photon is referred to as trivial
transfer. In materials used in OLEDs, the self-absorption probability is reduced by making
use of organic semiconductors with a very small overlap between the emission and absorption
spectra (large so-called Stokes shift).
Nonradiative energy transfer by quantum-chemical coupling is the dominant energy
transfer in organic films. Nonradiative energy transfer is a one-step process, where the
excited donor D* is de-excited while the acceptor A gets excited simultaneously. When the
quantum-chemical coupling for energy transfer is weak, the rate constant rET for the energy
transfer can be derived from Fermi’s Golden rule,

rET 

2

 f Hˆ  i

2

E ,

(2.3)

where ℏ is the reduced Planck’s constant (ℏ≡ h/2π) , Ψi,(f) is the wavefunction of the initial
(final) state, Ĥ the coupling Hamiltonian, compromising the interactions between the charge
distributions, and ρE the density of states (DOS).
To evaluate the electronic interaction energy
   Hˆ ' 
(2.4)
f

i

in equation (1.4), the electronic interaction energy can be split into
  C  E,

(2.5)

with βC a Coulomb term and βE the exchange term. When the coupling is provided by a
dipole-dipole interaction described by the Coulomb term βC this is referred to as Förster-type
transfer [11]. This is often a long-range interaction, typically in the range of 1  6 nm. We
refer to Dexter-type transfer when the coupling is of the exchange-type. This is often a short
range interaction, in the order of a few nanometers [12]. Figure 2.2 shows a schematic of the
Förster-type and Dexter-type transfer mechanisms.
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Figure 2.2 Schematic of energy transfer by a dipole-dipole interaction (Coulombic
interaction) leading to a Förster-type process, and by exchange coupling, leading to a
Dexter-type process.

2.3.1

Förster transfer

The rate of Förster-type energy transfer, rF, can be derived from equation (2.3). If the distance
R between the acceptor and the donor is large as compared to their size, the point-dipole
approximation can be used. In this approximation, it is assumed that it is sufficient to only
consider the dominant dipole-dipole interaction. The Coulomb interaction energy term is
proportional to the transition dipole moments of the donor and acceptor, μD and μA, and
inversely proportional to the R3

C 
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with κ the orientation factor describing the relative orientation between the transition dipole
moments, given by







  ˆ D  ˆ A  3 ˆ D  Rˆ ˆ A  Rˆ ,

(2.7)

with ̂D and ̂A the normalized transition dipole moment of the donor and the acceptor and
R̂ the normalized distance vector between the donor an acceptor. A collinear arrangement

of ̂D and ̂A , with R̂ parallel to both vectors, gives the maximum interaction |κ| = 2 and a
perpendicular orientation impedes efficient energy transfer, so that κ = 0. From equation
(2.3) the energy transfer rate is thus inversely proportional to the sixth power of the donoracceptor distance,
rF 

A

2

D

R6

2

 2.

(2.8)

The transition dipole moments can be related to the radiative lifetimes and the energy transfer
rate can be expressed as
6

rF 

1  RF 
,
 D  R 

(2.9)

with τD the effective lifetime of the donor in the absence of the acceptor. RF is the Förster
radius, which is the D−A distance at which the transfer rate is equal to the decay rate of the
donor τD -1. The Förster radius is given by,
9(ln10) 2 PL J
(2.10)
RF6 
,
128 5 n 4 N A
with ηPL the PL efficiency of the donor, J the spectral overlap between the donor emission
and acceptor absorption spectrum ε A(λ), n the effective refractive index of the embedding
material and NA the Avogadro constant.[13] The spectral overlap J is given by

J   I D    A     4 d .

(2.11)

The spectrum of ID(λ) is normalized to unit area,


I

D

( )d  1.

(2.12)

0

In Figure 2.3 a schematic of the spectral overlap is shown.
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Figure 2.3 Schematic of the spectral overlap (gray area) between the emission spectrum of
the donor and the absorption spectrum of the acceptor
2.3.2

Dexter transfer

Dexter transfer is an exchange of electrons, as shown in Figure 2.2. An exchange
of electrons requires an overlap of the wavefunctions of the donor and acceptor. Therefore
Dexter transfer is a short-range, through bond type transfer. The dependence of the transfer
rate on the distance between the donor and acceptor, R, is generally described as

 2R 
rD  kD,0 exp  
,
  

(2.13)

where λ is the wavefunction decay length for the excitons and where kD,0 is called the Dexter
prefactor [12,14].

2.4

Excitonic loss processes

In this section we discuss the processes that lead to a decrease of the efficiency of the
conversion of excitons to a photon. Besides non-radiative decay pathways present in most
organic materials, excitons can interact bimolecularly, with other excitons or with polarons.
Here, we focus on the triplet excited state, since in phosphorescent OLEDs the
electroluminescence originates from triplet excitons. When a triplet exciton interacts with a
triplet exciton on another molecule the loss process is referred to as triplet-triplet
annihilation, and when a triplet exciton interacts with a polaron, the loss process is called
triplet-polaron quenching. The rate of these bimolecular interactions depends strongly on the
exciton and polaron density, [15–18] in a manner that within a phenomenological description
has been described by equation (2.1). Furthermore, excitons can dissociate in the presence of
astrong applied external field resulting in field-induced dissociation. This is not a direct loss
process, because the resulting electron and hole can generate at a later moment again an
22
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exciton. However, the enhanced polaron density increases the loss due to triplet-polaron
quenching.
In order to accurately quantify the relative contributions from TTA and TPQ, it will
be necessary to develop a mechanistic description of the direct triplet-triplet and tripletpolaron interaction rates, of the exciton diffusion processes and of the field-induced
dissociation rates. We will use PL measurements that will allow disentangling of all
contributions. In this section we will discuss the three mechanisms resulting in exciton loss
in more detail
2.4.1

Triplet-triplet annihilation

Triplet-triplet annihilation is the process of energy transfer from a donor exciton to an
acceptor exciton. The resulting excited exciton decays nonradiatively, so that either a single
or even both of the triplet excitons are lost. This process can for the loss of one exciton be
expressed as
3 *
D  3 A* 
 1D  1,3,5 A** 
 1D  1,3,5 A*  heat.
(2.14)
The resulting higher (indicated by the double asterisk) excited exciton is in a singlet,
triplet or quintet configuration, with a statistical probability of 1/9, 3/9 and 5/9 respectively.
The quintet state is often not observed, as the energy of that state is often higher than the
combined energy of the two triplet states. In the case of metal-organic phosphorescent
emitters, a singlet exciton is quickly converted to a triplet. Therefore singlet annihilation does
not play a role. The Förster-mediated TTA rate is dependent on the overlap of the triplet
emission spectrum with the triplet absorption spectrum.
The exciton loss rate due to TTA can be studied using time-resolved
photoluminescence measurements on thin films.[16,22–25] Special care should be taken to
distinguish TTA mediated by diffusion and single-step TTA. In Chapter 3 we discuss how
from transient PL measurements one can determine whether TTA is a single-step or a
multistep process, using a novel analysis method. In Chapter 4 we will look in more detail
into the enhancement of the triplet-triplet annihilation rate due to exciton diffusion.
2.4.2

Triplet-polaron quenching

When a triplet exciton encounters a polaron there can be energy transfer from the triplet
exciton (donor) to the polaron (acceptor). The donor molecule is left in the singlet (S0)
configuration, and the excess energy at the acceptor is dissipated nonradiatively. The
quenching of excitons due to polarons can be expressed by the following equation
3

D*  A (  ) 
 1D  A (  )* 
 1D  A (  )  heat.

(2.15)

This interaction can be either of the Förster-type or Dexter-type. In case of a Förstertype process, the Förster radius is determined by the emission spectrum of the triplet donor
and the absorption spectrum of the hole or electron polaron. The absorption spectrum for hole
and electron polaron can be quite different, resulting in a different TPQ rate for a hole and
electron polaron. For small D−A distance, also TPQ due to a Dexter-type process is possible.
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To study TPQ, charge carriers and excitons need to be introduced in a device. The
TPQ rate can be studied by measuring the PL efficiency as a function of the current density.
Special care needs to be taken to include field-induced dissociation at high fields [17,19,20].
An alternative method to study TPQ is using transient photoluminescence measurements as
a function of the current density. In such measurements the decay of the photoluminescence
is measured after absorption from a pulsed light source [21]. As the TPQ loss for holes and
electrons can be different, TPQ should be studied in unipolar devices, to determine the
polaron-specific interaction rates. In Chapter 6 we combine electrical and transient
photoluminescence experiments, and optical simulations yielding the position-dependent
light-absorption and light-emission probabilities, allowing us to determine the TPQ (hole)
rate coefficient.
2.4.3

Field-induced dissociation

Triplet excitons can dissociate under the influence of an external field Fext into a pair of
polarons with opposite charges. This process can be expressed by
3

Fext
D* 
M   M .

(2.16)

Here, M+ and M- represent respectively the positive and negative charged state, respectively.
The asterisk indicates an excited state. An important quantity determining the rate of this
process is the exciton binding energy, EB. The exciton binding energy is defined as the
difference between the electron-hole gap (“single particle”) E0 and the optical gap:
EB = Eel − Eopt. The single-particle gap (sometimes called “electrical gap”) is defined as the
energy difference between the polarons in the limit of infinite separation, i.e., the difference
between the ionization potential and the electron affinity of the molecule. The optical gap is
defined as the energy of the lowest emissive state, S1 for fluorescent emitters and T1 for
phosphorescent emitters, as determined from emission spectra. The binding energy is due to
the Coulomb attraction energy between the positive and negative charges. Typical singlet
exciton binding energies for organic materials are found to be in the order of 0.5, where triplet
binding energies are of the order of 1 eV. For CT excitons, smaller binding energies are
expected, as well as a smaller difference between the 1CT and 3CT state energies [10]
While field-induced dissociation is a process that occurs in most OLEDs at high
fields, it is often not considered as a loss process. In state-of-the-art OLEDs the design is
such that the charges are confined to the emissive layer. The dissociated charges will
therefore recombine and will, in time, form new excitons. This results in no net loss of
excitons. However, due to dissociation, the polaron density increases, which can result in
additional triplet-polaron quenching.
Exciton dissociation can directly be measured from PL measurement when the
OLED is operated in reverse bias [15,17,18,26]. In reverse bias no charge carriers are injected
and the OLED acts as a capacitor. By measuring the PL efficiency as a function of the applied
field, the efficiency loss due to field-dissociation can be quantified. In Chapter 6 we study
the effect of field-induced dissociation on measurements of the TPQ rate coefficient.
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Chapter 3 Disentangling exciton
diffusion and triplet-triplet
annihilation in organic host-guest
systems
Triplet-triplet annihilation (TTA) is one of the processes leading to the efficiency loss of
OLEDs at high luminance levels, as discussed in Chapter 2. In Chapter 2 we also discussed
the importance and difficulty of disentangling the exciton diffusion and triplet-triplet
annihilation processes in transient photoluminescence (PL) experiments.
In this chapter we will show how to use a novel analysis method for analyzing transient
photoluminescence (PL) experiments. Using this method it is possible to determine from one
single sample whether the TTA loss mechanism is a single-step or a multi-step process. For
the material system TCTA:Ir(ppy)2(acac) with guest concentrations in the range of
2-18 mol%, it is found that guest-guest diffusion enhances the TTA loss at guest
concentrations larger than 6 mol%. Furthermore, guest-guest diffusion is shown to be a
temperature dependent process in contrast to the single-step TTA interaction. By comparing
the experimental results to kinetic Monte Carlo simulations, a quantitative microscopic
picture of the processes involved is obtained. *

*

This chapter is based on the work published in: A. Ligthart, X. de Vries, M. C.W.M. Pols,
P. A. Bobbert, H. van Eersel, R. Coehoorn, Adv. Funct. Mater. 28 (2019) 1804618.

Chapter 3

3.1

Introduction

In state-of-the-art OLEDs a small concentration of organic-metallic emitter molecules
(guests) are dispersed in a conductive organic molecule (host). These organic-metallic
emitters have an internal quantum efficiency (IQE) of almost 100% [1]. This is achieved by
the inclusion of a heavy metal atom core, typically Iridium or Platinum. Due to the heavy
metal core, spin-orbit coupling is introduced, which gives rise to exciton states with a mixed
singlet and triplet character, allowing for emissive triplet states. The radiative lifetime at these
emissive triplet state is typically in the order of one microsecond. For OLEDs with
phosphorescent emitters a loss of efficiency at large luminance levels is commonly observed,
referred to as the “efficiency roll-off”. This is attributed to the bimolecular quenching
interactions triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ). However,
the relative contributions of these process to the roll-off are a subject of debate [2–12]. In this
chapter we will focus on quantifying the TTA.
TTA is the process of energy transfer from one triplet exciton to another, after which
the excited triplet exciton decays non-radiatively to the lowest triplet state. Therefore,
effectively one exciton is lost. The energy transfer process is viewed as a Förster type process.
The TTA rate in host-guest systems, as typically used in phosphorescent OLEDs, is
controlled by a single-step long-range Förster-type dipole-dipole interaction [13] and can be
further enhanced by a diffusion mediated multi-step process, see Figure 3.1. Whether this
diffusion is also a Förster-type process or a Dexter-type [14] hopping process, is yet to be
determined [15–19].
In the limit of strong diffusion, the time dependence of the triplet exciton volume
density T(t) modified by triplet-triplet annihilation can be described by the following rate
equation

dT
T
 G   fkTTT 2 ,
dt


(3.1)

with G the triplet generation term, τ the triplet lifetime, kTT the triplet-triplet rate coefficient
and f a constant indicating whether one or two excitons are lost. Typically it is assumed that
only one exciton is lost, so that f is equal to 1/2. The response I(t) of the system in a transient
photoluminescent (PL) experiment is given by
I (t )
1
(3.2)

,
I (0) (1  T0 fkTT ) exp(t /  )  T0 fkTT
with I(0) the initial PL intensity and T0 the initial triplet density.
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Figure 3.1: Schematic overview of processes leading to TTA in phosphorescent host-guest
systems. (a) In systems with a low concentration of guest molecules, diffusion is not possible
and only the single-step TTA process is possible. (b) At higher concentrations of guest
molecules, TTA loss is enhanced by exciton diffusion. The host and guest molecules are
depicted as empty black and red spheres. Filled red spheres mark the triplet excited guest
molecules. The dashed circles indicate the region within one Förster radius around an excited
triplet. The arrows indicate possible diffusion pathways.
However, this commonly used rate equation is not always valid, as was shown by
van Eersel et al. [20]. They showed using kinetic Monte Carlo (kMC) simulations that when
the single step TTA process is more dominant than the multi-step process, the simple rate
equation is no longer valid, as it cannot describe the faster than expected initial density drop,
as is observed in transient photoluminescence measurements. This faster decay is attributed
to the fast depletion of excitons around one “surviving” exciton due to slow diffusion. They
proposed a novel analysis method by deducing the TTA rate coefficients from transient PL
measurements in two different ways: kTT,1 is determined from the time at which half of the
excitons are gone and kTT,2 is determined from the total exciton loss due to TTA. When the
ratio between these auxiliary parameters r = kTT,2/kTT,1 is equal to one, the simple rate
equation (3.1) is valid and diffusion is dominant, and when r >> 1 the single-step process is
dominant. In the latter case a fully mechanistic description is necessary to describe the TTA.
From a single sample with one doping concentration it is possible using this method to
determine the diffusion strength. It is not necessary to study a series of samples with different
emitter concentrations. The method was experimentally demonstrated for 4,4’-N,N’dicarbazole-1,1’-biphenyl (CBP) and (bis[2-(2-pyridinyl-N)phenyl-C] (acetylacetonato) iridium(III)) Ir(ppy)2(acac) systems by Zhang et al. [21,22].
In this chapter we will show how we apply this analysis method to time dependent
PL measurements of a concentration series of TCTA (tris(4-carbazoyl-9-ylphenyl)amine)
and Ir(ppy)2(acac) (see the Appendix for the molecule structures, Figure A3.1). The results
will be compared to kMC simulations to obtain a microscopic picture of the involved
processes.
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3.2

Experimental setup

The host-guest systems with TCTA as host material and Ir(ppy)2(acac) as guest emitter were
fabricated in a range of guest concentrations from 2.44 wt% up to 16.7 wt%. The systems
were fabricated by coevaporating a 50 nm thick film on a pre-cleaned quartz substrate. By
varying the evaporation rate of the Ir(ppy)2(acac), systems with different guest concentrations
were fabricated. After evaporation the system was encapsulated under nitrogen conditions
using an additional quartz substrate.
The transient PL measurements were performed using a Nitrogen laser with a
wavelength of 337 nm (Stanford Research System, NL100). To obtain a uniform intensity
profile a 1 mm2 circular aperture is used. The intensity is varied using optical density filters,
in 25 steps spanning two and a half orders of magnitude. The emitted light is focused using
a lens on a fast photodiode, with a rise time of 2 ns (MenloSystems, FPD 510-FV). In order
to get good statistics, four spatially separated spots are measured on one sample.
The absorbance and the steady state PL of the evaporated film were measured and are
presented in Figure 3.2. The figure shows no significant effect of the guest concentration on
the absorbance, implying that the excitation is absorbed by the TCTA. The steady-state PL
spectra for the lowest concentration of 2.4 wt% show a small peak at 400 nm, which is
attributed to fluorescence of the TCTA. As the host contribution to the PL spectra is shown
to be negligible, the transfer of the generated excitons from the host to the guest followed by
fast intersystem crossing is thus assumed to be 100% efficient [23,24]. This allows us to
determine the initial triplet densities T0. Furthermore, a small redshift is observed at higher
concentration, which can possibly be attributed to complex formation of neighboring emitter
molecules. [19,25,26]

30

Disentangling exciton diffusion and triplet-triplet annihilation in organic host-guest systems

Figure 3.2 The absorbance and steady-state PL spectra for five films with different
concentrations of TCTA:Ir(ppy)2(acac) and for a neat TCTA film.

3.3

Experimental results and analysis

In Figure 3.3 in the panels (a) and (f) the typical results of transient PL measurements are
shown with the corresponding cumulative PL curves shown in panels (b) and (g) (black
curves), for respectively a concentration of 3.85 wt% and 16.7 wt%. The PL intensity
decreases for small initial triplet densities to an excellent approximation monoexponentially.
The logarithm of the intensity shows to an increasing extent a non-linear time-dependence
when T0 increases. This effect is more prominent for larger concentrations.
From the emission in the low-fluence limit the lifetime τ is deduced, which
decreases from 1.36 μs for small concentration to 1.14 μs for 16.7 wt% (see Appendix,
Figure A3.2). Such a decrease (indicative of concentration quenching) is quite generally
observed for phosphorescent host-guest systems (see [26]), and can result from diffusion
followed by quenching at defects or from a finite non-radiative decay probability upon
repeated Förster-type triplet transfer between adjacent molecules (“dampening” [19]).
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Figure 3.3 Stepwise method for analyzing the experimental data, applied to
TCTA:Ir(ppy)2(acac) with guest concentrations of 3.85 wt% (panels (a)-(e)) and 16.7 wt%
(panels (f)-(j)). Panel (a) shows the time-resolved photoluminescence data for initial triplet
densities T0 equal to 5, 7, 13, 20 and 34 × 1024 m-3. The data shown in panel (f) were obtained
for T0 equal to 4, 6, 11, 17 and 28 × 1024 m-3. In panels (e) and (j), the full curves are a
guide-to-the-eye.
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The red curves in panels (b) and (g) are the best fit to the cumulative PL yield (Y(t))
curves, assuming that the simple rate equation (equation (3.1)) is valid. When the data is
fitted under the constraint that the fitted and experimental times t1/2 at which half of the total
cumulative intensity has been obtained are equal. From equation (3.2), the shape of the Y(t)
curves is given by
t

Y (T0 , t )   I (t )dt 
0

2 I (0)
kTT,1T0

kTT,1T0  t 
  1
ln  exp(t /  )(2  kTT,1T0 ) 
 ,
2   
  2

(3.3)

where kTT,1 is the value of the rate coefficient that best describes the shape of the cumulative
PL intensity curves. Panels (c) and (h) give the t1/2 times as obtained from the experiments
(symbols). The full curve indicates the t1/2 times as expected from the value of kTT,1 that is
obtained for T0 = 1024 m-3. This is found to provide an excellent description of the
experimental t1/2 times up to initial triplet densities around 1025 m-3. From the best fits shown
in panel (b) and (g), we subsequently deduce the total PL yield as a function of T0, relative to
the value in the zero-fluence limit, ηPl,rel, shown in panels (d) and (i) (symbols). Assuming
that equation (3.1) would be valid, we calculate from this curve for any value of T0 a rate
coefficient kTT,2 using the expression


2
2 ln 
2

k
TT,2T0

 PL,rel (T0 )  
kTT,2T0





(3.4)

In panels (d) and (i), the full curve shows ηPl,rel(T0) as expected for the value of kTT,2 that is
obtained for T0 = 1024 m-3. This is found to provide an excellent description of the
experimental ηPl,rel data up to initial triplet densities around 5×1024 m-3. Panels (e) and (j) give
the final results of the analysis: the dependence of kTT,1 and kTT,2 on T0.
Figure 3.4a shows the measured dependence of kTT,1 and kTT,2 on the average guestguest distance concentration. The effect can be attributed to guest mediated triplet diffusion,
consistent with the decrease of the r-ratio with increasing guest concentration shown in
Figure 3.4b. For cg larger than 20 mol%, the r-ratio approaches unity and the conventional
model (equation (3.1)) is well obeyed.
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We note that qualitatively similar results were obtained for CBP:Ir(ppy) 2(acac)
systems. However for those systems the measured values of kTT,1 and kTT,2 are significantly
larger, by a factor 1.4 and 1.8 ,respectively, for systems with cg  4 mol%. Apparently, the
host has an effect on the triplet-triplet annihilation. This will be further discussed in
Chapter 4.

Figure 3.4: Dependence on the average guest-guest distance of (a) the rate coefficient kTT,1
and kTT,2 and (b) the ratio r = kTT,2/kTT,1, for the system TCTA:Ir(ppy)2(acac). The dashed
curves are a guide-to-the-eye. The upper axis shows the guest concentration; 1 mol%
corresponds to 0.82 wt%

To determine whether TTA is a thermally activated process, measurements at 200 K
were performed. The results are presented in Figure 3.5. The single-step TTA seems to be
temperature independent, as there is no significant change in the obtained rate coefficients at
low concentrations. The guest-guest diffusion enabled at higher concentrations is temperature
dependent, as the relative decrease in kTT,1 and kTT,2 increases up to almost a factor of two.
For the measured films at 200 K an increase in the lifetime was observed from 1.37 μs to
1.60 μs. This slight increase of the lifetime with decreasing temperature can be attributed to
the zero-field splitting of the triplet manifold. For Ir(ppy) 3 it is known that the highest triplet
state has the largest radiative decay rate [27].
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Figure 3.5: Dependence on the average guest-guest distance of the rate coefficients kTT,1 and
kTT,2, measured at room temperature (full symbols) and at 200 K (empty symbols). The upper
axis shows the guest concentration in mol %.

3.4

KMC simulations

Making use of kMC simulations, it is possible to obtain a quantitative microscopic picture of
guest-guest exciton diffusion in the material system. The kMC simulations were done using
the Bumblebee simulations tool [28]. In the appendix we give a short overview of the steps
involved in kMC simulations. The simulation box consisted of 100100100 sites, with
periodic boundary conditions. At t = 0, triplets are randomly placed on guest sites,
corresponding to an initial triplet density T0 of 1024 m-3, i.e. within the low T0 region
considered in the experiments. A realistic Gaussian disorder in the triplet energy level of
σT = 0.05 eV (standard deviation) was taken into account for the exciton diffusion. TTA was
assumed to be due to a Förster-type process [13], with a distance (R) dependent rate given by
rF,TTA ( R ) 

1  RF,TT 


 R 

6

(3.5)
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with RF,TT the Förster radius for TTA. For each exciton, the neighbors up to a cut-off radius
of 2.5 times the Förster radius are considered.
The value of RF,TT can be determined spectroscopically. In the literature values in
the range of 3.0-3.6 nm are found for various Ir-based phosphorescent emitters [6,29]. For
guest concentrations below 5 mol%, guest-guest diffusion is not yet significant (see
Figure 3.4). Therefore TTA measurements below 5 mol%, well below the concentrations of
about 10 mol% that are typically used in devices, allow for determining the Förster radius for
the annihilation step. Subsequent measurements at larger concentrations, where diffusion
contributes to the efficiency loss due to TTA, allow us to quantify the contribution of guestguest diffusion. Figure 3.6 shows that an excellent fit to the measured values of kTT,1 and kTT,2
is obtained with RF,TT = 3.5 nm.
It is not known whether guest-guest triplet diffusion is most properly described as a
Förster or Dexter process, or by a combination of both. As shown in Figure 3.6, we find from
kMC simulations that for TCTA:Ir(ppy)2(acac) a good description of the experimental data
can be obtained assuming either process, using a Förster radius for diffusion equal to
RF,diff = 2.7 nm (Figure 3.6a), or using a Dexter-type diffusion where the distance-dependent
hopping rate between equienergetic sites is given by
 2( R  a) 
(3.6)
rD,diff  kD,1 exp  
.
 

With kD,1 = 1.4 × 109 s-1 the Dexter hopping rate to the nearest neighbor at a distance a = 1 nm
and with λ = 0.35 nm the exciton wavefunction decay length (Figure 3.6b). The effect of
energetic disorder has been included by treating both processes as thermally activated (see
Figure 3.5), in a manner as described by the Miller-Abrahams formula [30]. We note that
RF,TT is not expected to be equal to RF,diff, as the absorption spectrum for an excited guest
molecule is different than that for a non-excited guest. If no disorder is included, a good fit
assuming Förster-type diffusion is obtained with RF,diff = 2.0 nm. This value is equal to the
value obtained by Zhang et al. [22] for Förster-type guest-guest diffusion in the system
CBP:Ir(ppy)2(acac) under the assumption of no excitonic disorder. From measurements of
the overlap of the extinction and emission spectrum for various Ir-containing emitter
molecules Kawamura et al. found values for RF,diff in the range of 1.5-1.8 nm [19]. The value
for RF,diff found in the simulations with energetic disorder included is almost a factor two
higher, and even the value when neglecting disorder the value is slightly larger. In as far as a
Förster process is concerned, a microscopic approach that is consistent with the results of
analyses based on a more microscopic and ensemble-averaged spectral overlap approach is
thus still to be developed. Concerning the Dexter mechanism, we note that the value of λ
obtained is close to the value of 0.3 nm used for electron, hole and exciton wavefunction
decay lengths in recent studies on charge transport and efficiency roll-off simulations [9,31].
However, the value obtained for kD,1 is an order of magnitude lower than the value typically
assumed for electron and hole hopping rates in these studies. The kMC simulations with a
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Miller-Abrahams term for the temperature dependence is able to reproduce the temperature
dependence, see Figure A3.3 in the Appendix.

(a)

(b)

Figure 3.6: Experimentally determined parameters kTT,1 (black) and kTT,2 (red) for
TCTA:Ir(ppy)2(acac) as a function of the average distance between guest molecules. The
final annihilation process is assumed to be a Förster-type process with a triplet-triplet
annihilation radius RF,TT = 3.5 nm. (a) KMC simulations results (open symbols) obtained
using pure Förster-type diffusion with RF,diff = 2.7 nm and a constant lifetime of 1.36 μs.
(b) The kMC results assuming a pure Dexter-type diffusion using a wavefunction decay
length λ = 0.35 nm and a nearest-neighbor hopping attempt frequency kD,1 = 1.4 × 109 s-1.
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3.5

Summary and conclusion

In this chapter we have shown that using the recently proposed analysis method of timeresolved photoluminescence experiments it is possible to disentangle the role of guest-guest
diffusion and the single-step TTA. Furthermore, using kMC simulations it is possible to
obtain a quantitative microscopic picture of the involved processes. We have shown that
single step TTA is dominant at a guest concentrations below 6 mol%. Furthermore, the TTA
step is well described by a Förster-type process with RF,TT = 3.5 nm, and is temperature
independent. For this system, guest-guest diffusion enhances the TTA loss when the guest
concentration cg > 6 mol%. However, even for the highest considered guest concentration,
cg = 18 mol%, the strong diffusion limit has not yet been reached. The effect of diffusion can
be equally well described by a Förster mechanism with RF,diff = 2.7 nm, a value that is
significantly larger than literature values as deduced from the overlap of emission and
extinction spectra, and a Dexter mechanism with a wavefunction decay length λ = 0.35 nm
and a hopping attempt frequency rate to the first neighbor kD,1 = 1.4 × 109 s-1. The obtained
wavefunction decay length is similar to values used for electrons and holes in charge transport
simulations. The value for kD,1 is an order of magnitude lower than what is typically assumed
in these studies. By separating the efficiency loss due to direct (single-step) TTA processes
and the additional efficiency loss mediated by guest-guest diffusion, we achieved a fuller
understanding of TTA in host-guest films. Furthermore, as we obtained a mechanistic
description of the involved processes the results can easily be used for describing TTA and
exciton diffusion in other systems containing Ir(ppy)2(acac).
For the system TCTA: Ir(ppy)2(acac), studied in this chapter, the TTA loss is
significantly smaller than as obtained by Zhang et al. [22] for systems containing the same
emitter, embedded in a CBP host. This difference is obvious in their reported Förster radius
of 4.5 nm. The reported guest-guest diffusion strength is found to be similar. In the following
chapter we will take a closer look to see what makes this material system different and how
this can explain the difference in the TTA loss.
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3.6

Appendix

Figure A3.1 shows the molecular structure of the studied materials, TCTA and
Ir(ppy)2(acac).

Figure A3.1 The structure of TCTA and Ir(ppy)2(acac).
Figure A3.2 shows the exciton lifetime at room temperature as obtained from
transient PL measurement as function of the guest concentration. These lifetime are used for
determining kTT,1 and kTT,2. The lifetime decreases with increasing concentration this is
attributed to concentration quenching.
Figure A3.3 shows the experimentally determined parameters kTT,1 (black) and kTT,2
(red) for TCTA:Ir(ppy)2(acac) as a function of the average distance between guest molecules
measured at room temperature and 200 K. Results of the kMC simulations which consider a
pure Dexter-type diffusion and include the temperature dependence via a Boltzmann term,
are in good agreement with the experiments.
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Figure A3.2 The measured exciton lifetime from transient PL measurements as a function
of the guest concentration.

Figure A3.3 Experimentally determined parameters kTT,1 (black) and kTT,2 (red) for
TCTA:Ir(ppy)2(acac) as a function of the average distance between guest molecules
measured at room temperature (full symbols) and at 200 K (empty symbols). Compared to
simulation kMC results (open stars) assuming a pure Dexter-type diffusion using a
wavefunction decay length λ = 0.35 nm and a nearest-neighbor hopping attempt frequency
kD,1 = 1.4 × 109 s-1.
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In kMC simulations the following steps are taken. In the first step all rates are
calculated for each event. The rate for transfer of an exciton to each neighbor is calculated
up to a certain cut-off radius. A long cut-off radius will give accurate results but will increase
the simulation time, whereas a too short cut-off radius will underestimate the exciton
diffusion. It was found that a cut-off radius of 2.5 times the Förster radius will give accurate
results. The events that are included in the kMC simulations are the transfer to an empty guest
site, the transfer to an occupied guest site (followed by the loss of one of the excitons, whereas
the remaining exciton remains a triplet: TTA) and radiative decay. For each event j there is a
rate rj. The total number of events is N.
In the second step the event is selected in the following way. First the sum Ri of the
rates for each event for which j is smaller than or equal to i is calculated, as well as the sum
RN of all events:
i

Ri 


j 1

N

rj and RN 

r .
j

(3.7)

j 1

Subsequently a random number u  (0,RN] is selected. From all possible events, the event for
which Ri-1 < u  Ri is selected. The selected event is executed and the positions of all excitons
are updated. The updated time is equal to t = t + t, with t = RN-1 ln(u-1). These steps are
iterated until all excitons are gone.
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Chapter 4 Quantifying TripletTriplet Annihilation in Organic
Host-Guest Systems –
The role of exciton deconfinement
In Chapter 3 we have shown how a previously proposed analysis method can be applied to a
guest-concentration series of the material system TCTA:Ir(ppy)2(acac). The loss due to
triplet-triplet annihilation (TTA) was found to be smaller than was found earlier in our group
for CBP:Ir(ppy)2(acac) systems. The TTA rate can thus also depend on the host material.
In this chapter the TTA-rate is measured for a large number of emissive material systems
consisting of a small concentration of Ir-cored phosphorescent “guest” molecules, with
emission colors across the entire visible range, embedded in various host materials. We find
that the TTA-rate does not only depend on the direct interaction rate between the excitons on
the guest molecules, but also on the difference in triplet energy ΔE T of the host and guest
molecules: when ΔET is smaller than about 0.20 eV, diffusion of excitons via the host
molecules leads to a significant enhancement of the TTA-rate. Using kinetic Monte Carlo
simulations, the roles of the direct interaction, guest-mediated diffusion and host-mediated
diffusion are disentangled.†

†

This chapter is based on the work published in: A. Ligthart, X. de Vries, M. C.W.M. Pols,
P. A. Bobbert, H. van Eersel, R. Coehoorn, Adv. Funct. Mater. 28 (2019) 1804618

Chapter 4

4.1

Introduction

The internal quantum efficiency (IQE) of phosphorescent organic light-emitting diodes
(OLEDs) is determined by the probability that the triplet excitons formed on the emissive
metal-organic dye molecules will decay radiatively. When the charge carriers and triplet
excitons are well confined in the emissive layer (EML), the main potential loss processes are
intrinsic non-radiative decay, concentration quenching [1,2], triplet-triplet annihilation
(TTA) and triplet-polaron quenching (TPQ) [3–10]. TTA and TPQ are due to bimolecular
interactions, and give rise to an efficiency roll-off at high brightness. In addition, these loss
processes can trigger degradation events.
The main cause of the efficiency roll-off has been a subject of debate [3,7,10–16].
Studies of various different types of devices suggest that the predominant mechanism
depends on the detailed structure of the emissive layer [15]. Simulation results of
phosphorescent OLEDs suggest that TPQ is the predominant mechanism at small current
densities, but that the relative contribution due to TTA becomes larger at high current
densities [10]. Furthermore, simulations have revealed a subtle interplay between TPQ and
TTA: decreasing the contribution of one process can increase the contribution of the other
process, so that the roll-off is not significantly reduced [17]. The overall IQE reduction is not
only determined by the encounter-distance-dependence of the rate with which the final TPQ
and TTA processes take place, but also by the triplet exciton diffusivity [1,2,18–22]. In order
to accurately quantify the relative contributions from TTA and TPQ, it will be necessary to
develop a mechanistic description of the direct triplet-triplet and triplet-polaron interaction
rates and of the exciton diffusion process. That will allow disentangling of all contributions,
and will support the development of predictive simulations as a route towards reduced OLED
roll-off.
In this chapter, we demonstrate how time-resolved photoluminescence studies of
the efficiency loss due to TTA can be used to sensitively probe triplet exciton diffusion
processes in organic semiconductor host-guest systems. The analysis provides not only a
mechanistic description of the direct annihilation process, but also of the guest-guest and
host-mediated diffusion processes that can contribute to the overall TTA rate, as well as to
the TPQ rate in OLEDs. In particular, we focus on investigating host-mediated triplet
diffusion. In state-of-the-art phosphorescent OLEDs, this contribution to the diffusion is
limited by selecting host materials with a sufficiently high triplet energy. However, this
design rule should not be followed too rigorously. Firstly, obtaining a long device lifetime
requires that the dye concentration is not too small. Secondly, a large host triplet energy
implies in general also a large fundamental energy gap, so that electron and/or hole injection
in the host material occurs only at a relatively high voltage, giving rise to a reduction of the
power efficiency. It is therefore of interest to determine the conditions required for good
triplet exciton confinement on the guest molecules.
The importance of good triplet exciton confinement is well known from studies of
the host triplet exciton energy dependence of the IQE in phosphorescent OLEDs based on
small-molecule [23–28] or polymer [29–31] host materials, and in third-generation OLEDs
utilizing thermally assisted delayed fluorescence (TADF) [32–34]. Triplet confinement near
interfaces with hole-transport layers was studied in Ref. [35]. A key parameter is the triplet
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confinement energy ΔET = ET,h − ET,g, with ET,h(g) the triplet energy on the host and guest
molecules, respectively. However, it is presently not clear whether, as a rule, ΔET should
exceed a certain minimum value in order to guarantee sufficient triplet confinement. Most
studies carried out so far focus on the effect of a variation of the host material type on the
external quantum efficiency (EQE) of OLEDs. As discussed by Swensen et al.,[28] such
studies are often at best qualitative: the EQE can also be affected by various other loss
processes such as exciton transfer to the electron and hole transport layers and (more
indirectly) by the charge transfer properties. For OLEDs based on the sky-blue emitter bis[2(4,6-diuorophenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic, ET = 2.7 eV), e.g.,
replacing a higher triplet-energy host material (ET = 2.8 eV) by a lower triplet-energy host
material (ET = 2.6 eV) was even found to lead to a slight increase of the EQE, to almost 18%
in the low- current density limit.[28] Neglecting (for the moment) the possible role of
energetic disorder, the confinement energy ΔET properly determines the thermodynamic
equilibrium stability of triplet excitons on the guest molecules. However, the effects of triplet
deconfinement on the IQE will also be determined by the kinetics of the host-guest and hosthost triplet exciton transfer processes. It is therefore of interest to study to what extent kinetic
effects could give rise to a system-to-system variation of the dependence of exciton
deconfinement on the confinement energy.

Figure 4.1 Schematic overview of the relevant processes leading to TTA in phosphorescent
host-guest systems. (a) In systems with a low concentration of guest molecules and a large
triplet confinement energy ΔET, only TTA due to a direct (single step) TTA process is
possible. In the figure, this process is depicted as a Förster-type process. (b) For systems with
a high concentration of guest molecules, guest-guest triplet exciton diffusion can enhance the
TTA rate. (c) The TTA rate is also enhanced when as a result of weak triplet confinement
(small ΔET) host-mediated diffusion occurs. Empty black and red spheres denote host and
guest molecules in the ground state. Filled red spheres denote triplet-excited guest molecules.
The dashed circles indicate the region within one TTA-Förster radius around each triplet. The
arrows indicate possible diffusion paths.
We disentangle the roles of the confinement energy and of the host-mediated triplet
diffusion by studying in total 22 systems, based on combinations of five Ir-based emitter
molecules and seven host molecules. The confinement energy ET varies from about −0.1 to
+0.8 eV. By making use of various host materials, also the effect of a variation of the hostmediated diffusion is probed. We find that only for ΔET < 0.20 eV, the effective TTA rate
coefficient is significantly enhanced due to triplet deconfinement. For selected systems,
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experiments have been carried out for a variable guest concentration and temperature.
Figure 4.1 shows the various regimes that are probed: in the case of strong confinement and
small guest concentrations, TTA is predominantly due to a single-step direct quenching
process (Figure 4.1a). For large guest concentrations, TTA is a more indirect multi-step
process (Figure 4.1b). And in the case of weak confinement, host-mediated diffusion can
give rise to an additional loss (Figure 4.1c). Using the analysis method described in Chapter
2 and proposed by van Eersel et al., [10][36] and applied already to bis[2-(2-pyridinylN)phenyl-C](acetylacetonato)iridium(III) (Ir(ppy) 2(acac)), embedded in a 4,4'-N,N'dicarbazole-1-1'-biphenyl (CBP) host,[21,22] as well as the results of kinetic Monte
Carlo(KMC) simulations, we find that it is possible to establish a microscopic description
that is able to describe all strongly confined systems studied, with only slightly different
material-dependent parameters. Within the model, TTA is described as a Förster-type
process. Guest-guest exciton diffusion is described as either a thermally activated Dexter or
Förster process, with rates that are affected by the random disorder in the triplet energies. For
weakly confined systems, the complexity of the interplay of all processes related to triplet
guest-host or host-guest transfer, triplet-diffusion on the host, and possible quenching
processes on the host obviously precludes at present developing a mechanistic model with
predictive quality. Nevertheless, we argue that for the systems studied our approach provides
realistic constraints to the parameters describing triplet transfer and annihilation rates.
Table I: Host-guest systems studied in this chapter. In parentheses, the host and guest triplet
energies as obtained from the peak energy in the PL spectra are given (unit: eV), as displayed
in Figure A4.2 for the guest molecules and as obtained from the literature for the host
molecules. For each system included, the triplet confinement energy ΔET (top entry, unit eV)
and the experimental value of kTT,2 and its uncertainty range (bottom entry, unit: 10 -18 m3s-1)
are given.
Host

Guest
Ir(MDQ)2(acac)
(2.05 eV)

0.25
0.73 ± 0.05
0.35
0.67 ± 0.05
0.51
0.56 ± 0.05

Ir(BT)2(acac)
(2.23 eV)
0.07
3.63 ± 0.09
0.07
1.74 ± 0.10
0.17
1.40 ± 0.10
0.33
1.06 ± 0.08

0.79
0.52 ± 0.09

0.61
0.99 ± 0.10

NPB (2.30 ev)(a)
α-NPD(2.30 eV)(b)
TPD (2.40 eV)(c)
CBP (2.56 eV)(d)
TPBi (2.66 eV)(e)
TCTA (2.84 eV)(f)
mCP (2.90 eV)(g)
(a)

Ir(ppy)2(acac)
(2.38 eV)

Ir(ppy)3
(2.43 eV)

FIrpic
(2.62 eV)

0.02
1.91 ± 0.14
0.18
1.05 ± 0.06
0.28
0.81 ± 0.05
0.46
0.65 ± 0.06
0.52
0.62 ± 0.05

-0.03
4.2 ± 0.2
0.13
1.10 ± 0.09
0.23
1.02 ± 0.16
0.41
1.05 ± 0.09

-0.06
1.08 ± 0.09
0.04
1.57 ± 0.06
0.22
0.85 ± 0.07

Refs [35,37];(b) Refs [38];(c) Refs[3,35,37,39];(d) Refs [3,24,28,35];(e)Refs [40,41];(f) Refs
[27,37,40,42];(g) Refs [24,28,33];
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4.2

Experimental and analysis methods

Table I gives an overview of the systems studied. The molecular structures are shown in
Figure 4.2. Five phosphorescent emitters were used:
(i). bis[2-(4,6-difluorophenyl)pyridinato-C2N]-(picolinato)-iridium(III) (FIrpic, skyblue),
(ii). tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3, green),
(iii). bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)-iridium(III) (Ir(ppy)2(acac),
yellow-green),
(iv). bis(2-benzo[b]thiophen-2-ylpyridine)(acetylacetonate)-iridium(III) (Ir(BT)2(acac),
yellow),
(v). bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)-iridium(III)
(Ir(MDQ)2(acac), orange-red).
The following host materials were used:
(a) N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB),
(b) N,N'-bis(naphthen-1-yl)-N,N'-bis(phenyl)-2,2'-dimethylbenzidine (α-NPD),
(c) N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD),
(d) 4,4'-N,N'-dicarbazole-1,1'-biphenyl (CBP),
(e) 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi),
(f) tris(4-carbazoyl-9-ylphenyl)amine (TCTA),
(g) 1,3-bis(N-carbazolyl)benzene (mCP).
The triplet energies of all molecules, as obtained from the peak energy in the
photoluminescence (PL) spectra, and the triplet confinement energy for each host-guest
system studied are included in Table I.
The systems studied are 50 nm thick host-guest films, coevaporated on pre-cleaned
quartz substrates and encapsulated in a glove box under nitrogen conditions. For all
host-guest systems, films containing 3.85 wt% of guest molecules were studied, while for
selected systems a full study of the guest concentration dependence was carried out. The
transient PL experiments were carried out using a pulsed nitrogen laser with a wavelength of
337 nm. A 1 mm2 aperture is used to form a uniform intensity profile. The light is focused
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Figure 4.2: Structure of the host and guest molecules included in this study
using a lens on a fast-response photodiode. Absorbance measurements (Figure A4.1) are
done to determine the initial triplet volume density, T0, which is varied in 25 steps using
optical density filters. To get sufficient statistics, each measurement is repeated on four
spatially different spots. Although almost all absorption occurs on the host molecules, it is
assumed that the transfer from the host to the guest is 100% efficient,[23,43] as a result of
singlet diffusion on the host, followed by transfer to the guest molecules and subsequent fast
intersystem crossing on the guest molecules. Steady state PL measurements (Figure A4.2)
indeed show that for all systems studied the transfer is very efficient, as the contribution from
the host in the PL spectrum is found to be negligible.
The role of guest-mediated diffusion can be judged by analyzing the transient PL
response using a method first proposed by van Eersel et al. [36] and experimentally
demonstrated by Zhang et al. [21,22] for CBP:Ir(ppy)2(acac) systems, as discussed in detail
in Chapter 3. In short, the response I(t) of the system in a transient photoluminescence (PL)
experiment is given by
I (t )
1
,
(4.1)

I (0) (1  T0 kTT ) exp(t /  )  T0 kTT

50

The role of exciton deconfinement

with T0 the initial triplet density and I(0) the initial PL intensity. However, this description
of TTA breaks down when applied to systems with little or no diffusion. The exciton density
becomes then spatially non uniform when time proceeds, so that equation. (4.1) is no longer
valid. Within the refined analysis method developed in Refs.[21,22,36], the measured time
at which half of the emission has taken place is used to deduce, for any value of T0, a first
effective rate coefficient kTT,1, assuming that equation (4.1) is applicable. Accurately
deducing kTT,1 requires determining τ with high accuracy. A second effective rate coefficient,
kTT,2, is obtained from the measured decrease of the total PL efficiency, relative to the PL
efficiency in the zero-fluence limit, which can be directly measured by a gated CCD camera.
In the limit of strong diffusion, the conventional analysis method is applicable, and the ratio
(4.2)
r  kTT,2 / kTT,1
is equal to 1. In the absence of guest-mediated diffusion, when TTA is due to a single-step
Förster-type process, the r-ratio can be well above 2. The role of guest mediated diffusion
can thus already be deduced from an analysis of the PL response for a single material [21].
For CBP:Ir(ppy)2(acac) and TCTA:Ir(ppy)2(acac) material systems, kTT,1 and kTT,2 have been
found to become T0-dependent for values of T0 above 1025 m3, in a manner as expected from
KMC simulations within which TTA is described as a long range Förster-type process. The
effect was found to occur when T0 exceeds the value at which on average one triplet is present
within a sphere with a radius equal to the triplet-triplet interaction Förster radius, RF,TT [21].
In this chapter, we focus on the low-triplet density regime (T0 < 1024 m3), in which kTT,1 and
kTT,2 are independent of T0.
In the case of weak triplet confinement, resulting in delayed emission after hostmediated exciton diffusion and potentially trapping on the host, the decay is not monoexponential. The decay is measured using time-correlated single-photon-counting (TCSPC)
experiments shown to be well-described by a stretched-exponential function,

I (t )  I (0)exp (t /  ')  ,

(4.3)

with τ’ an effective 1/e lifetime and with β an exponent that decreases with decreasing triplet
confinement.

4.3

Experimental results and analysis

In Chapter 3 we have shown results of an in depth study of the system TCTA:Ir(ppy)2(acac).
For this system, the triplet confinement energy is large (ΔET = 0.46 eV), so that
deconfinement to the host plays no role. From this study, we motivate why for studying triplet
deconfinement effects, materials with a guest concentration of 3.85 wt% were selected. For
TCTA:Ir(ppy)3 and TCTA:Ir(MDQ)2(acac) similar results were obtained (Figure A4.3). In
this section we show that for all systems included in Table I good triplet confinement
requires that ΔET is larger than approximately 0.20 eV. The role of triplet diffusion is further
investigated by studying for selected systems the temperature dependence of the TTA loss.
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4.3.1

Effect of triplet confinement

Figure 4.3a shows the dependence of kTT,2 on the exciton confinement energy for all hostguest systems studied, measured at a temperature T = 298 K, at a guest concentration of
3.85 wt%. This corresponds to molar concentrations in the range 2.3 to 4.7 mol%, depending
on the system (Table AII). The numerical values and experimental uncertainties are included
in Table I. The figure shows that for small confinement energies a significant enhancement
of kTT,2 is found, up to a factor of 4, as compared to the value obtained for confinement
energies larger then about 0.20 eV. We interpret this result as a consequence of host-diffusion
mediated TTA, giving rise to an enhanced efficiency loss. Interestingly, for all five emitter
molecules kTT,2 is quite similar when embedded in a well-confining host, viz. in the range
(0.5−1.1)×1018 m3s-1. Triplet deconfinement to inert host triplet states (at which no radiative
or non-radiative decay takes place) is expected to give rise to an increase of the effective
lifetime. However, deconfinement would lead to a reduced effective lifetime if strong
quenching would occur upon diffusion on the host. Experimentally, we find an increase of
the lifetime, up to a factor larger than 30, for systems with ΔET < 0.1 eV, as shown in
Figure 4.3b. The figure gives the effective (1/e) lifetime τeff as measured from TCSPC
experiments relative to the lifetime τ0, as a function of the confinement energy. Interestingly,
the confinement energy below which a significant increase of the lifetime is observed
(ΔET < 0.1 eV) is smaller than the value below which the kTT,2 rate coefficient is enhanced. It
thus appears that for confinement energies in the 0.1 − 0.2 eV range a measurement of the
loss due to TTA is a more sensitive probe of exciton confinement than a measurement of the
lifetime enhancement. The difference between both methods as a probe of exciton
confinement is also apparent when considering systems with a negative exciton confinement
energy, such as CBP:FIrpic (ΔET = −0.06 eV). On the one hand, the effective lifetime is then
strongly enhanced, as the triplets reside with a large probability on the CBP host molecules.
On the other hand, kTT,2 is only moderately enhanced (factor ≈2) with respect to the value in
a well confining matrix such as mCP. Further insight can be gained from the shape of the
transient PL response in the zero-fluence limit, as measured using the CSPC technique.
Monoexponential decay is expected in the limit of very fast guest-host and host-host exciton
transfer, as compared to the radiative decay rate of triplets at a guest molecule.
Deconfinement to an inert host would then give rise to an enhancement of the triplet lifetime
by a factor
 E
 h2   g2 
 eff
c
 1  h exp   T 
(4.4)

2

cg
 kBT 2  kBT  
with ch = 1 − cg the host concentration σh(g) the standard deviation of the energy distribution
of the host (guest) triplet states, assumed to be Gaussian, and kB the Boltzmann constant. For
cg = 0.04 and ΔET = 0, 0.1, and 0.2 eV, e.g., an enhancement by a factor of 25, 1.5 and
1.01, respectively, would then be expected, assuming that σh = σg. Whereas the experimental
data shown in Figure 4.3b are not inconsistent with this rough estimate, which is very
sensitive to the confinement energy, we actually find in all cases of weak confinement with
ΔET < 0.1 eV a stretched-exponential decay. An overview of effective lifetimes and
stretching exponents β for all systems studied is given in Table AIII. As an example, we
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show in the Figure A4.4 the mono-exponential and stretched-exponential PL emission
intensities for the systems TCTA:Ir(ppy)2(acac) (ΔET = 0.46 eV) and TPD:Ir(ppy)2(acac)
(ΔET = 0.02 eV), respectively. This finding indicates that spatial and/or energetic disorder
effects, combined with guest-host or host-host exciton transfer rates that cannot be considered
as very fast, determine in the case of weak confinement the actual PL response.
(a)

(b)

Figure 4.3: (a) The dependence of kTT,2 on the triplet confinement energy (the difference
between the host and guest triplet energies), measured at 298 K, for systems based on five
different phosphorescent guest molecules (colored symbols, as indicated) and seven different
host molecules. In Table 1, the numerical values are given. All systems have a guest
concentration of 3.85 wt%. (b) Effective emission lifetime in the zero-fluence for the
3.85 wt% host-guest systems

53

Chapter 4

4.3.2

Temperature dependence of the TTA rate coefficient

It is not a priori clear how the host-mediated diffusion contribution to the TTA loss could be
best described. The diffusion could either be due to an incoherent triplet hopping process
such as depicted in Figure 4.1, or it could be due to a coherent host-mediated (superexchange like) coupling between guest sites, such as found to be relevant in the charge
transport of organic semiconductor host-guest systems.[44] Incoherent exciton transfer is a
thermally activated process, although the precise description is a subject of current debate,
[45,46] whereas in as far as known to us for the case of coherent transfer no theoretical model
giving the temperature dependence is available. In order to further explore the nature of the
host-mediated diffusion contribution to TTA, we have carried out measurements at 200 K of
kTT,2 for 3.85 wt% Ir(ppy)2(acac) in TCTA, CBP and TPD. We find that kTT,2 shows no
significant temperature dependence for Ir(ppy)2(acac) in TCTA, for which the confinement
is already excellent at room temperature. However, for Ir(ppy)2(acac) in CBP and TPD, kTT,2
decreases at 200 K to the value measured for TCTA:Ir(ppy) 2(acac). An overview of the
measurement results is given in Figure 4.4. Host-mediated diffusion is thus indeed a
thermally activated process.
In the limit of fast host-mediated diffusion and for the case of equal host and guest
triplet exciton disorder energies σT, one expects from Equation (4.4) that a measurement of
the temperature dependence of the enhancement of the triplet lifetime will provide an
independent method for determining the triplet confinement energy. The effective lifetime is
then expected to decrease with decreasing temperature. For the weakly confined system
α-NPD:Ir(BT)2(acac), we find indeed a small decrease of the effective lifetime with
decreasing temperature. However, we find that for the very weakly confined systems
TPBi:FIrpic and TPD:Ir(ppy)2(acac) the effective lifetime actually increases with decreasing
temperature. We attribute this surprising result to the decrease of the diffusion over the host
with decreasing temperature. The final effect is determined by a delicate balance between
two opposing effects, viz. the decrease in the escape rate and the decrease of the diffusion
rate on the host with decreasing temperature. The experimental results are shown in
Figure A4.5. In the next section, we will further analyze this effect using kMC simulations.
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Figure 4.4 Effect on kTT,2 of reducing the temperature from room temperature to 200 K, for
a set of systems containing 3.85 wt% Ir(ppy)2(acac) in five different host materials that give
rise to variable triplet confinement energies ΔET.

4.4

KMC simulations

4.4.1

Strong confinement−direct TTA

In Chapter 3 we have shown that an excellent fit to the measured values of kTT,1 and kTT,2 for
TCTA:Ir(ppy)2(acac) is obtained with kMC simulations when a Förster radius of 3.5 nm is
assumed. From the narrow range of values of kTT,2 in the strong-confinement regime,
observed in Figure 4.3a, it follows immediately that for the emitters studied RF,TT varies only
a little, from about 3.4 nm for Ir(MDQ)2(acac) to about 3.8 nm for Ir(ppy)3. It should be noted
that we neglect here a possible small effect of differences in the polarizability of the various
hosts on the Föster radius. From the available data, we cannot exclude that for FIrpic a study
with a more strongly confining host than mCP would lead to a value of RF,TT that is slightly
smaller than 3.4 nm.
4.4.2

Weak confinement−host-mediated diffusion

We have used KMC simulations to explore the effects of host-mediated diffusion under the
constraint that no guest-guest diffusion takes place (as in the experiments for 3.85 wt%
systems), for systems with a cg = 5 mol% guest concentration. Additional simulations for
3 mol% systems (Figure A4.6) reveal that the sensitivity of the main simulation results to
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such a change of cg is only minor. Guest-guest TTA is described as a Förster process, with
RF,TT = 3.5 nm, the excitonic disorder energy is assumed to be σT = 0.05 eV, τ = 1 μs,
T0 = 1024 m-3 and T = 300 K. In the absence of more detailed information, guest-host, hosthost and host-guest exciton transfer are treated as a thermally activated Dexter process with
the same (varying) value of kD,1 and with λ = 0.30 nm, and possible guest-host and host-host
TTA are described as an immediate nearest-neighbor process. Possible quenching or nonradiative decay processes on the host are not included.
Figure 4.5a shows the dependence of kTT,2 on kD,1 for values of ΔET in the range
−0.05 eV to +0.30 eV. The figure shows two regimes: for weak host-mediated diffusion kTT,2
is decreased, because part of the excitons reside on the host so that guest-guest TTA is
reduced, whereas for strong host-mediated diffusion kTT,2 is increased, because the diffusing
excitons create already within the radiative decay time τ new closely spaced excited guest
molecules. In the kD,1-range studied, a significant enhancement of kTT,2 is only obtained for
values of ΔET below 0.2 eV, consistent with the experimental results (Figure 4.3a). The
largest observed enhancement, by about a factor 4, would for the parameters assumed and
taking ΔET ≈ 0 eV be expected to result from a value kD,1 = 3 × 107 s-1.
Figure 4.5b shows the enhancement of the PL lifetime ((t1/2 /ln 2)/τ,), as obtained
from kMC simulations carried out in the zero-fluence limit (no TTA) for the same kD,1 and
ΔET range. For large kD,1, the enhancement approaches the values given by equation (4.4).
For a given confinement energy, the enhancement is largest for intermediate values of kD,1,
for which the excitons diffuse on the host but quickly reach a guest at which radiative decay
can take place. The figure shows that an enhancement by a factor 30−40, as obtained for
systems with ΔET ≈ 0 eV (Figure 4.3b), would be consistent with values of kD,1 in almost the
entire range considered. The figure thus suggests that measurements of the lifetime
enhancement can be a sensitive probe of triplet confinement, but are a less sensitive probe of
the detailed diffusion rates. Consistent with the experimental findings, the kMC simulations
also show a significantly stretched decay, with average lifetimes that are a factor 4 ̶ 6 larger
than the (already enhanced) effective lifetime (t1/2 / ln 2) shown in Figure 4.5b for weakly
confined systems (ΔET < 0.1 eV) with kD,1 around 3 × 105 s-1 (see the Appendix, Figure A4.7).
In section 4.3.2, the surprising observation of an increase of the effective PL lifetime
with decreasing temperature, measured for TPBi:FIrpic and TPD:Ir(ppy)2(acac) was
attributed to decreasing diffusion on the host. The effect can outbalance the decrease of the
thermally activated deconfinement rate. The results of KMC simulations are consistent with
this view. The effect is found for quite weakly confined systems (ΔET < 0.1 eV) for which
the Dexter rate coefficient kD,1 is relatively small, around and below 108 s-1. We note that also
in Figure 4.5b the contours of equal lifetime enhancement become then dependent on kD,1.
An overview of the simulation data is given in Figure A4.8.
Interestingly, the system CBP:FIrpic shows a lifetime enhancement as expected for
a system with ΔET close to 0 eV, but only a relatively small enhancement of kTT,2 (by a factor
of about 2, see Figure 4.3a). The relatively small TTA-induced loss could explain, at least
in part, the finding of a fairly large external quantum efficiency (EQE) of OLEDs based on
this system with endothermic host-guest transfer,[23] although a further increase of the EQE
can be obtained from mCP:FIrpic based OLEDs with exothermic host-guest transfer [24].
From Figure 4.5a, it would follow that the weak TTA-loss for CBP:FIrpic could be a result
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of weak host-mediated diffusion, with kD,1 about one order of magnitude smaller than for
TPD or NPB hosts. From density functional theory (DFT) calculations, it is known that for
CBP and TPD the triplet wavefunction is localized on the central biphenyl part of the
molecule [47], whereas we find from DFT calculations that for NPB and α-NPD the triplet
wavefunctions are localized on the more exterior parts of the molecules (Figure A4.9).
Interestingly, these calculations also show a clear difference between the degree of
localization of the triplet wavefunctions on the two latter molecules, which could be related
to the significantly different values of kTT,2 for systems containing Ir(BT)2(acac). It would be
of interest to establish from a comparison with explicit molecular-scale exciton transfer
calculations to what extent the experimental results presented in our work also provide a
sensitive probe to exciton diffusion in host materials.
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Figure 4.5 Results of kMC simulation studies of the effect of triplet exciton deconfinement
in a phosphorescent host-guest system (cg = 5 mol%) with σT = 0.05 eV and τ = 1 μs, for
T0 = 1024 m-3 and T = 300 K. Guest-guest TTA is described as a Förster process with
RF,TT = 3.5 nm, and possible other contributions are described as an immediate nearestneighbor process. (a) Dependence of kTT,2 on the Dexter diffusion transfer rate to the first
neighbor molecules kD,1 and on the triplet confinement energy ΔET. (b) Contours of equal
enhancement of the effective emissive lifetime, t1/2/ln2, as a function of kD,1 and ΔET.
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4.5

Summary and conclusion

In this chapter, we discussed how time-resolved photoluminescence experiments can be used
to disentangle the processes involved in triplet-triplet annihilation in phosphorescent hostguest systems based on a large number of host-guest combinations with varying host-guest
triplet confinement energy ΔET and varying guest concentration. A significant enhancement
of the TTA-rate coefficient is observed for systems with ΔET < 0.2 eV, up to a factor of 4 in,
e.g., TPD:Ir(ppy)3. The enhancement is found to be a thermally activated process, as it
decreases with decreasing temperature. For ΔET < 0.1 eV, we also find a strong increase of
the effective emissive lifetime, up to a factor of 30−40, and stretched-exponential instead of
mono-exponential decay, with in some cases rather small stretching exponents. These effects
are attributed to host-mediated diffusion in which the triplets escape from the guest and
diffuse over the host, thereby effectively increasing the interaction radius of the triplets.
Making use of the observed TTA Förster radius, kMC simulations have been used
to explore for systems with negligible direct guest-guest diffusion the dependence of the
enhancement of the TTA rate and the emissive lifetime on ΔET and on the guest-host and
host-host triplet transfer rates. The comparison with the experimental results suggests that
the host-host hopping rates can be quite molecule-specific. When describing host-mediated
transfer as a Dexter-type process with a wavefunction decay length λ= 0.3 nm, values of kD,1
in the range 106 to 108 s-1 are obtained. Interestingly, these values are much smaller than the
values obtained in Chapter 3 for Dexter-type guest-guest diffusion. In particular, for CBP as
a host for FIrpic, the experiments suggest a quite small diffusion rate. We conclude that these
experiments do not only sensitively probe the TTA-induced efficiency loss as a function of
the exciton confinement energy, but potentially also the rate of host-mediated triplet
diffusion.
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4.6

Appendix

Figure A4.1 shows for all host materials included in this study the wavelength dependence
of the absorbance.

Figure A4.1 The measured absorbance for 50 nm thick neat films of the specified host. The
dashed line indicates the 337 nm wavelength of the N2 laser.
Figure A4.2 shows for all 3.85 wt% host-guest included in this study the steadystate photoluminescence spectrum. The spectra show that for all systems studied the transfer
from the photo-generated singlet on the host to the triplet state on a guest molecule is highly
efficient, as for all measured systems the contribution of the fluorescence of host molecules
is negligible. The triplet energies of the emitter molecules, as deduced from the average PL
peak positions, are presented in Table AI.
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Figure A4.2 The room-temperature steady-state PL spectra for all systems studied. The
contribution below 440 nm is due to fluorescence of the host materials
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Table AIII. Triplet energies of the emitter molecules included in this study, as deduced from
the average PL peak positions shown in Figure A2.
Guest

Ir(MDQ)2(acac)

Ir(BT)2(acac)

Ir(ppy)2(acac)

Ir(ppy)3

FIrpice

ET

2.05 eV

2.23 eV

2.38 eV

2.43

2.62 eV

The conversion of the weight percentage of the guest, wg, to guest concentration, cg,
is done using the expression

cg 

wgWh
wgWh  whWg

,

(4.5)

with wh,(g) the weight percentage of the host (guest) and Wh,(g) the host (guest) moleculair
weight, which is specified in Table AII. The weight percentage used when studying the
effects of triplet deconfinement, 3.85 wt%, corresponds to concentrations in the range of 0.02
to 0.05 mol%
Table AII. Conversion from 3.85 wt% to mol% for all possible systems. We note that only
the systems mentioned in Table I (main text) are included in this study. In between
parentheses, for every molecule the moleculair weight (in g/mol) is specified.
Host

NPB (588.75)
α-NPD
(616.79
TPD (51.6.67)
CBP (484.59)
TPBi (654.76)
TCTA
(740.89)
mCP (408.49)

Ir(MDQ)2(acac)
(777.88)
2.94%
3.08%

Ir(BT)2(acac)
(711.87)
3.21%
3.35%

2.59%
2.43%
3.26%
3.67%

2.82%
2.65%
3.55%
4.00%

2.05%

2.25%

Guest
Ir(ppy)2(acac)
(599.7)
3.78%
3.96%

Ir(ppy)3
(654.78)
3.48%
3.63%

FIrpic
(694.66)
3.28%
3.43%

3.33%
3.13%
4.19%
4.71%

3.06%
2.88%
3.84%
4.33%

2.89%
2.72%
3.64%
4.10%

2.66%

2.44%

2.30%

Figure A4.3 shows the concentration dependence of the triplet-triplet annihilation
rate coefficients kTT,1, kTT,2 and the r-ratio for Ir(ppy)3 and Ir(MDQ)2(acac) in TCTA. The
results are very similar to results obtained for Ir(ppy)2(acac) in Chapter 3. For Ir(ppy) 3 the
measured rate coefficients are slightly higher than for Ir(ppy) 2(acac), which suggests a larger
Förster radius for TTA.
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Figure A4.3 The dependence of the rate coefficients kTT,1, kTT,1 and the r-ratio on the average
guest-guest distance, measured for (a) TCTA:Ir(ppy) 3 (ΔET = 0.41 eV) and
(b) TCTA:Ir(MDQ)2(acac) (ΔET = 0.79 eV). The dashed curves are a guide-to-the-eye.
Figure A4.4 shows the time-dependent emission from TPD:Ir(ppy)2(acac), which
is significantly stretched as a result of the poor confinement of triplets on the guest. For
comparison, the figure also shows the emission from TCTA:Ir(ppy) 2(acac), which is close to
mono-exponential, as expected from the strong triplet-confinement. We note that the
instrumental noise corresponds to a relative intensity equal to about 10 -2. The numerical
values of the effective lifetime (τeff ≡ t1/2/ln 2) and of β (from equation (4.3)) are given in
Table AIII.
Table AIII: Numerical values of the triplet confinement energy, the effective lifetime
(τ ≡ t1/2 / ln 2) and the stretching exponent β for the host-guest systems studied in Figure 3 of
this chapter.
Guest
Host
ΔET (eV)
τeff (μs)
β
Ir(MDQ)2(acac)
Ir(BT)2(acac)

Ir(ppy)2(acac)

Ir(ppy)3

FIrpic

TPD
TCTA
NPB
α-NPD
TPD
CBP
TCTA
TPD
CBP
TCTA
TPD
CBP
TPBi
TCTA
CBP
TPBi
TCTA
mCP

0.39
0.79
0.07
0.07
0.17
0.33
0.61
0.06
0.17
0.46
0.036
0.12
0.23
0.41
-0.06
0.03
0.22
0.28

2.11
1.65
1.30
1.47
1.2
1.33
1.31
5.21
1.40
1.38
40.24
1.24
1.33
1.22
50.42
9.94
1.30
1.4

0.68
0.87
0.86
0.77
0.87
0.95
0.91
0.483
0.9
0.95
0.37
0.86
0.71
0.88
0.31
0.35
0.85
0.89
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Figure A4.4: Measured time-dependent photoluminescence from TPD:Ir(ppy)2(acac) and
TCTA:Ir(ppy)2(acac).

Figure A4.5 shows the temperature dependence of the lifetime enhancement for the
systems FIrpic:TPBi (a), TPD:Ir(ppy)2(acac) (b) and α-NPD:Ir(BT)2(acac) (c), as deduced
from time-resolved PL measurements. For all studied systems the lifetime enhancement is
taken relative to effective lifetime of the respective emitters in TCTA. The curves are a guideto-the-eye.
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Figure A4.5 Temperature dependence of the lifetime enhancement for the systems
FIrpic:TPBi (a), TPD:Ir(ppy)2(acac) (b) and α-NPD:Ir(BT)2(acac). The enhancement is taken
relative to the effective lifetime of the respective emitters in TCTA, as discussed in this
chapter. The curves are a guide-to-the-eye.
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Figure A4.6 shows for two guest concentrations 3 and 5 mol%, the kMC simulation
results of the dependence of (a) the rate coefficient kTT,2 and (b) the enhancement of the
lifetime τeff/τ as function of the Dexter exciton transfer rate, for two confinement energies.
The simulations are further specified in Section 4.4. In the diffusion rate range studied, the
values of kTT,2 and τeff/τ as obtained for the 3 and 5 mol% systems differ by a factor less than
2.

Figure A4.6 Results of kMC simulations of the effect of the guest concentration on the
dependence of (a) the rate coefficient kTT,2 and (b) the enhancement of the lifetime. The
arrows indicate the enhancement of the lifetime expected from equation (4.4) in the limit of
infinitely fast diffusion.
Figure A4.7 shows the dependence of the stretching exponent β that is obtained
from a fit to kMC results of a time-resolved PL experiment in the zero-fluence limit,
discussed in Section 4.4.2. The simulations were performed for 5 mol % host-guest systems
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with σ = 0.05 eV, at 300 K. Assuming that the time-dependent decay is stretched-exponential,
2
 

 av
β is deduced from the implicit expression
   , with Г the Euler gamma-function.
 eff
1
 
 

Figure A4.7 Result of kMC simulations of the effect of exciton confinement and exciton
diffusion on the stretching of the lifetime, quantified by the parameter β defined in equation
(4.3). The dashed contour corresponds to β = 0.55.
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Figure A4.8 shows the temperature dependence of the lifetime-enhancement, as
obtained from kMC simulations carried out using the methodology explained in section 4.4
of the main text. All simulations were carried out for a host and guest triplet disorder energy
equal to σ = 0.05 eV. Panel (a) shows the dependence on the Dexter rate coefficient kD,1
(taken equal for host-host, host-guest and guest-host transfer). The simulations reveal a
significant deviation from the result expected in the strong-diffusion limit (blue curve),
obtained using equation (4.4), for finite but realistic values of the rate coefficient. Panel (b)
gives for a selected case the sensitivity to the guest (molar) concentration. With decreasing
guest concentration, the lifetime enhancement is found to increase. However, in the range of
concentrations on which we have focused (see Table AII), the sensitivity to variations of the
concentration is found to be only minor. Panel (c) gives for a typical value of the Dexter rate
coefficient the dependence on the confinement energy. The figure shows that the lifetime
enhancement increases with decreasing temperature for weakly confined systems, but
decreases for strongly confined systems. As discussed in section 4.3.2, and as shown in
Figure A4.5, this agrees qualitatively with the experimental data. An overall conclusion from
these simulations is that it is not possible to deduce the triplet confinement energy from the
temperature dependence of the triplet lifetime using equation (4.4), as in actual systems the
assumption that the host-host diffusion is strong is invalid.
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Figure A4.8 Temperature dependence of the lifetime-enhancement, as obtained from kMC
simulations, for systems with a triplet energy disorder energy equal to σ T = 0.05 eV, (a) as
function of the Dexter rate coefficient, (b) for two values of the guest concentration and (c)as
function of the triplet confinement energy.
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Figure A4.9 shows the shows the triplet wavefunctions at NPB, α-NPD, TPD and
CBP molecules in vacuum. First, the geometry of the molecules is optimized in the neutral
state using open-shell density functional theory (DFT) [48–51] with a B3LYP functional and
a def2-SVP basis set [52], using the ORCA package [53]. After this, the triplet wavefunctions
are obtained by using TD-DFT employing the same functional and basis set.

Figure A4.9 Results of TD-DFT calculations of the triplet wavefunctions on NPB, α-NPD,
TPD and CBP molecules in vacuum.
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Chapter 5 Single-layer method for
quantifying the triplet exciton
diffusion coefficient in organic
semiconductor materials
In Chapter 4 we have shown that deconfinement of the triplet exciton from a phosphorescent
guest molecule to the host results in an enhancement of the efficiency loss caused by triplettriplet annihilation (TTA) due to host-mediated diffusion. Measurements of the lifetime were
shown to be a sensitive probe for the degree of exciton deconfinement. In the last part of the
chapter we discussed the possibility of using these measurements as a probe for determining
the exciton diffusivity in host materials.
In this chapter we show that with an easy-to-use method the triplet exciton diffusivity in
disordered organic semiconductors can indeed be determined. In the experiments, we use
single-layer films containing a small concentration of Ir-cored guest molecules. The carefully
selected guest molecules are used to create in a time-resolved photoluminescence (PL)
experiment triplet excitons that are initially located on the guest molecules and that as a
result of weak triplet confinement subsequently diffuse through the host material, thereby
enhancing the PL efficiency loss resulting from TTA. The diffusion coefficient is obtained
using a simple analytic model that takes all contributions to the enhanced TTA-rate into
account. The model is validated using kinetic Monte Carlo simulations. We demonstrate the
method by application to four materials that are frequently used as a host in the emissive
layer of organic light-emitting diodes. By combining these materials with chemically
different emitter molecules, the consistency of the method is shown. The observed strong
material dependence of the diffusion coefficient is explained qualitatively from the triplet
exciton transition density distributions on the molecules studied that are obtained from
Density Functional Theory calculations. ‡

‡

This chapter is based on the work published in: A.Ligthart, X. de Vries, P. A. Bobbert,
R. Coehoorn, Org. Electron. (2019) 105510

Chapter 5

5.1

Introduction

In phosphorescent organic light emitting diodes (OLEDs) triplet exciton diffusion plays an
important role in determining the shape of the emission zone ([1–3]) and the efficiency loss
due to triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ). TTA is the
process of energy transfer from one triplet to another, after which the higher-excited exciton
decays non-radiatively to the lowest triplet state. TPQ is the process of energy transfer from
a triplet to a polaron (electron or hole), followed by decay to the lowest-energy polaron state.
As the likelihood of both processes depends in part on the encounter rate between the two
interacting species, the TTA ([4–8]) and TPQ [9] rates increase with increasing exciton
diffusion.
Commonly used methods for quantifying triplet exciton diffusion in organic
semiconductors probe the diffusion length L0 = (6Dτ)1/2, which is the average exciton travel
distance during the average exciton lifetime . Here, D is the exciton diffusion coefficient
(diffusivity). An overview of the experimental methods used for obtaining L0 and their
relative degree of ease has recently been given by Mikhenko et al. [10]. The most direct
method is a measurement of the size of the photoluminescent emission zone around a small
region in a material in which the excitons are optically generated. This method is only suitable
for materials with an exciton diffusion length in the order of micrometers, such as anthracene
and tetracene single crystals [11,12]. Secondly, one may use a phosphorescent OLED in
which a thin layer of emissive phosphorescent dopants is placed a distance L from the exciton
generation zone. The diffusion length is then derived from the emission intensity of the
dopant layer as function of L. However, in this method special care needs to be taken to
accurately describe the light outcoupling from the microcavity and the role of TTA and TPQ
processes [3,13–18]. A third and somewhat similar method is using a bilayer structure of a
pure semiconductor layer within which the excitons are optically generated and a layer that
is doped with phosphorescent sensing molecules. The exciton diffusion length can then be
derived from the measured fluorescence and delayed phosphorescence, using a complex
analysis method in which the TTA rate, the triplet transfer rate and the initial triplet density
are taken into account [4,19–22]. L0 may also be determined using photocurrent [23] and
microwave conductivity measurements, or by measuring the time-dependence of the
absorption spectrum of triplet-excited materials [24–27]. As summarized in detail in ref. [10],
the experimental procedures that are involved in each of these methods present difficulties
related to the ease of sample preparation, measurement or data analysis. As a result, the
experimental values of L0 as obtained using these various methods can vary over multiple
orders of magnitude. For the commonly used hole-transporting material CBP (4,4'-N-N'dicarbazole-biphenyl), e.g., values in the range of 8.3 – 300 nm have been reported
[13,15,19,20]. Furthermore, a measurement of L0 does not directly provide the diffusion
coefficient, which is a more fundamental quantity that is related to the intermolecular exciton
transfer rate, as that would require knowing the exciton lifetime. For non-phosphorescent
materials, accurately measuring the triplet exciton lifetime can be a challenge.
In this chapter we propose a simple method for determining the triplet exciton
diffusivity in amorphous organic semiconductors. Advantageously, only a single organic
layer is required. We focus on fluorescent small-molecule materials, such as those that are
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used as host materials in the emissive layers of evaporation-deposited phosphorescent
OLEDs. In order to be able to optically generate triplet excitons, a small concentration of
iridium-cored phosphorescent guest molecules is added. These guest molecules are carefully
selected, such that their triplet energy ET,g is only slightly smaller than the energy ET,h of
triplets on the host material. In previous work [5], we have shown using transient
photoluminescence (PL) measurements that for confinement energies ET  (ET,h – ET,g)
below 0.2 eV significant deconfinement occurs of the triplets from the guest molecules to the
host material. This is evident from an increase of the effective triplet lifetime that is obtained
from a transient PL measurement at a small laser fluence, and from an increase of the TTA
rate coefficient that is obtained from transient PL measurements at a relatively large laser
fluence. The TTA rate enhancement results from host-mediated exciton diffusion, which
gives rise to enhanced Förster-type TTA due to interactions between two triplets on a
phosphorescent dye molecule and to Dexter-type TTA between an exciton on the host
material and a second exciton on a host or guest molecule. We deduce the diffusivity from a
quantitative analysis of the lifetime and TTA rate enhancement, using a simple but accurate
analytical model that is applicable in the limit of weak triplet confinement and relatively
strong exciton diffusion.
Figure 5.1 gives a schematic overview of the exciton diffusion and TTA processes
in the four physical regimes that may be distinguished. Light absorption leads to singlet
formation on the host. Due to Förster transfer to the guest molecules, followed by fast
intersystem crossing to the triplet state, already very soon after time t = 0 all excitons reside
as triplets on the guest molecules. The experimental details will be discussed in Section 5.2.
Subsequently, deconfinement to the host and diffusion via the host can take place. Our
method is applicable in regime I. As a result of the weak exciton confinement and large
diffusion coefficient, the time-averaged triplet exciton density on the host material is then
essentially uniform. In the figure, one of the processes that gives rise to a TTA rate
enhancement (exciton encounter on the host, process C) is highlighted. The other three
mechanisms that contribute to the TTA efficiency loss, indicated by capital letters in the
figure, are discussed in Section 5.2.2. Measurements in regime IV (using guest molecules
with a smaller triplet energy) are used as a reference. The general methodology presented in
this chapter would also be applicable to systems with weak host-mediated diffusion, so that
the average diffusion distance of the deconfined excitons is small as compared to the average
distance between the sites at which the excitons reside at t = 0 (regime II). However, the
analysis should then employ numerical simulations using a Kinetic Monte Carlo (KMC)
approach. In this work, we use KMC simulations as a means to validate the simple analytical
method that is applicable in regime I.
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Figure 5.1 Schematic overview of the physical regimes (I-IV) of host-mediated triplet
exciton diffusion in organic semiconductor host-guest systems. In each diagram, one of the
four processes (A-D, see Section 5.2.2 ) that contribute to triplet-triplet annihilation (TTA) is
highlighted. The empty black (red) spheres indicate host (guest) molecules, the filled red
spheres indicate guest molecules on which an exciton resides, the arrows indicate exciton
diffusion paths, and the yellow stars indicate molecules at which TTA occurs. The analytical
method for analyzing the experiments, proposed in this chapter, is applicable in regime I,
when weak exciton confinement and strong diffusion gives rise to a spatially uniform
distribution of excitons in the host material.

We apply the method to four organic semiconductors that are often used in OLEDs:





TPBi (2,2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)),
TPD (N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine),
α-NPD (N,N’-bis(naphten-1-yl)-N,N’-bis(phenyl)-2,2’-dimethylbenzidine), and
NPB (N,N’-bis(naphtalen-1-yl)-N,N’-bis(phenyl)-benzidine).

The validity of the method is cross-checked by combining these materials with various
Ir-cored guest molecules, so that in total 9 systems have been studied. Interestingly, Wu et
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al. have found a tendency towards longer triplet exciton diffusion lengths for naphthyl-based
materials than for phenyl-based materials [19]. Our study indeed reveals a significantly larger
triplet exciton diffusion coefficient for α-NPD and NPB than for TPBi and TPD.
The chapter is structured as follows. In Section 5.2, we discuss the experimental
method, the analytic model that is used to analyze the experimental results and the KMC
simulations that are used to validate the model. In Section 5.3, we give an overview of the
experimental results and their analysis. Section 5.4.1 contains a discussion of the observed
differences between the diffusivities for the four materials studied in terms of the triplet
exciton density on each of the molecules as obtained from Density Functional Theory
calculations. Section 5.5 contains a summary, conclusions and outlook.

5.2

Experimental and analysis methods

5.2.1

Experimental approach

As a first step, we have carefully selected for each of the four materials studied one or more
Ir-cored emitters with a slightly smaller triplet energy than that for the host material. We will
show below that the triplet confinement energy should be in the range 0 to 0.2 eV, and
preferably not larger than about 0.1 eV. The triplet energy levels for the host molecules were
determined from the peak position in PL measurements taken from literature, as listed in
Table I. Those of the guest were determined from PL measurements of the guest molecules
(3.8 wt%) in the well-confining host tris(4-carbazoyl-9-ylphenyl)amine (TCTA). The spectra
of the guests are shown in Figure A5.1 of the Appendix.
TPBi is combined with
(i). FIrpic, bis[2-(4,6-difluorophenyl)pyridinato-C2,N]-(picolinato)-iridium(III), and
(ii). Ir(Fppy)3, tris(2-(4,6-difuorophenyl)pyridine)iridium(III).
The triplet confinement energy, ET,spec, that is deduced from the triplet emission spectra of
the host (TPBi) and these guest materials is 0.05 ± 0.02 eV and 0.06 ± 0.02 eV, respectively.
TPD is combined with
(i). Ir(ppy)2(acac), bis[2-2(2-pyridinyl-N)phenyl-c](acetylacetonate)-iridium(III),
(ii). Ir(ppy)3, tris[2-phenylpyridinato-C2,N]iridium(III), and
(iii). TEG, fac-tris(2-(3-p-xylyl)phenyl)pyridine iridium(III),
with triplet confinement energies as deduced from the emission spectra equal
to -0.04 ± 0.08 eV, 0.01 ± 0.08 eV and 0.02 ± 0.08 eV, respectively. NPB and -NPD, which
have equal triplet energies (2.31 ± 0.06 eV [8,16,28–30]) are combined with
(i). Ir(BT)2(acac), bis(2-benzo[b]thiophen-2-ylpyridine)(acetylacetonate)-iridium(III)
and
(ii). Ir(npy)2(acac), bis(2-(naphthalene-2-yl)pyridine)(acetylecetonate)-iridium(III),
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with triplet confinement energies as deduced from the emission spectra equal to
0.08 ± 0.06 eV and 0.09 ± 0.06 eV, respectively. In the first two columns of Table I the
confinement energy ΔET = (ET,h – ET,g), and the guest concentration cg in mol percent are
given. The chemical structures of all the materials used in this work are shown in Figure
A5.2 of the Appendix.
All studied systems are 50 nm thick co-evaporated host-guest systems, with a guest
concentration of 3.85 wt %, deposited on a pre-cleaned quartz substrate and encapsulated in
a glove box under nitrogen conditions. The diffusion coefficient in the host material is
deduced from the enhancement of the effective TTA rate coefficient with respect to that in
the well-confining host material TCTA (tris(4-carbazoyl-9-ylphenyl)amine) and from the
enhancement of the effective emissive lifetime with respect to that in TCTA.
The TTA experiments were carried out using a nitrogen laser with a wavelength of
337 nm. A 1 mm2 aperture was used to create a uniform intensity profile. The emitted light
was focused on a CCD camera using a lens. The CCD camera recorded the emission with a
2 ns delay up to 80 μs after the excitation. By measuring the relative time-integrated PL yield
at different fluence levels of the excitation (up to initial triplet densities T0 of 1024 m-3), the
triplet-triplet annihilation rate coefficient, kTT,2, is determined. We emphasize that the
commonly used description of the time-dependent TTA rate, being proportional to the
product of an effective rate coefficient kTT and the square of the time-dependent triplet exciton
density nT, is in general incorrect, as a result of the spatially non-random distribution of
triplets over the emitter molecules that develops after t = 0 when the exciton diffusion
coefficient is insufficiently large [31].
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ΔET,spec
(eV)

0.06 ± 0.02

Ir(Fppy)3 ET = 2.60 eV

3.31

3.64

cg
(mol%)

ET = 2.38

0.02 ± 0.08

0.01 ± 0.08

-0.04 ±
0.08

0.09 ± 0.06

Ir(npy)2(acac)
eV

0.09 ± 0.06

Ir(npy)2(acac)
eV

ET = 2.22

0.08 ± 0.06

Ir(BT)2(acac) ET = 2.23 eV

α-NPD, ET = 2.31 ± 0.06 eV [5]

ET = 2.22

0.08 ± 0.06

Ir(BT)2(acac) ET = 2.23 eV

NPB, ET = 2.31 ± 0.06 eV [8,16,28–30]

TEG ET = 2.37 eV

Ir(ppy)2(acac)
eV

Ir(ppy)3 ET = 2.43 eV

3.41

3.35

3.26

3.21

2.09

3.33

3.06

TPD, ET = 2.39 ± 0.08 eV [18,28,37,38,46–49]

0.05 ± 0.02

FIrpic ET = 2.61 eV

TPBi, ET = 2.66 ± 0.02 eV [29,36,45,46]

System

4.5

4

4.5

4

5.4

3.5

4

3.4

3.4

RF,TTA
(nm)

9.2
(9.5)

1.38
(1.3)

6.16
(9.5)

1.47
(1.3)

3.4
(1.05)

5.2
(1.37)

33
(1.30)

4.82
(1.05)

6.94
(1.30)

τeff
(μs)

1.7
(0.99)

0.77
(0.91)

0.96
(0.92)

0.82
(0.91)

0.42
(0.88)

0.48
(0.95)

0.37
(0.88)

0.52
(0.89)

0.41
(0.85)

β

0.39
(0.17)

1.7 (0.99)

0.67
(0.17)

3.64
(0.99)

4.2 (2.1)

1.8 (0.65)

4.2 (1.0)

1.69
(0.80)

1.5 (0.87)

kTT,2
(10-18 m3s1)

480
−

−

−

−

0.17

730

50

33

12

22

19

Dhost
(10-12 m2s-1

0.15

0.09

0.07

0.01

0.06

0.05

ΔET
(eV)
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Table I. Overview of the measurement and analysis results. The second column gives the
confinement energy ET,spec that follows from the spectroscopically determined peak
energies of the triplet spectrum for the host, taken from the literature, and for the guest,
measured for each of the host-guest systems studied in this work (see the first column of the
table). The values in between the parentheses are the references values, as obtained for the
emitter molecules in TCTA.
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It is therefore necessary to precisely specify how an effective rate coefficient has been
determined from the measured time-dependent photoluminescence decay. The label "2" in
the rate coefficient kTT,2 indicates the use of the time-integrated PL yield. The procedure for
determining kTT,2 is described in detail in ref. [32]. For the sake of notational simplicity, we
will use in the remainder of the chapter the notation "kTT" instead of "kTT,2".
The delayed emission decay is measured using a time-correlated single-photon
counting setup (TCSPC), using a 400 nm excitation pulse with a 5 ns width and a
measurement window of 25 μs in the low fluence regime (initial triplet volume density T0 <
1024 m-3) . The delayed emission is described using a stretched exponential function
  t  
(5.1)
I (t )  I (0) exp   
 ,
   *  
with τ* the 1/e lifetime and β an stretching exponent that is equal to unity for the case of
strong confinement and decreases with decreasing confinement energy. The effective lifetime
that we use in this study is defined as eff  (t1/2/ln(2)), with t1/2 the time at which the emission
intensity has decreased to I(0)/2.
5.2.2

Analytic model

Here we present a simple model to describe the TTA and the lifetime enhancement
as a function of the triplet confinement energy and the diffusivity, which is applicable in the
strong diffusion limit. When assuming for simplicity equal host and guest exciton disorder
energies, the lifetime enhancement is from ref. [5] given by

 E 
eff
c
1

 1  h exp   T  ,
eff,0 Pguest
cg
 kBT 

(5.2)

with Pguest the probability that the exciton resides on a guest molecule, ch = (100 – cg) the
mole percentage of the host molecules, kB the Boltzmann constant, and T the temperature.
The effective TTA rate coefficient is expressed as
(5.3)
kTT  kTT,nd  kTT,hd  kTT,hh  kTT,hg
representing the four contributions to kTT shown in Figure 5.1 (processes A – D): the
contribution kTT,nd due to the interaction between triplets residing on the guest sites in the
absence of diffusion via the host (no-diffusion limit, process A), the enhancement kTT,hd of
this interaction due to host-mediated diffusion (process B), the contribution kTT,hh due to TTA
on the host (process C) and the contribution kTT,hg due to annihilation processes between
excitons located on a guest and host molecule (process D). In the remainder of this
subsection, we give expressions for each of the four terms in equation (5.3). In the next
section, we validate this approach for each of the material systems studied using the results
of kMC simulations.
For large confinement energies, when almost all excitons are located on guest
molecules, the first term in equation (5.3) is the dominant contribution. The interaction
between two triplets on a guest molecule is described as a Förster process with a Föster radius
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RF,TT. The rate coefficient in the no-diffusion limit and for the small initial triplet densities T0
used in this study is from ref. [33] to an excellent approximation given by

4 2  RF,TT

3   eff,0
3

kTT,nd 





(5.4)

where τeff,0 is the triplet lifetime in the case of excellent triplet confinement. The effective
rate coefficient given by equation (5.4) takes into account that in the absence of exciton
diffusion the decrease of the TTA rate with time is not only due to the decrease of the overall
triplet density, but also to the development of a spatially correlated distribution of the
remaining (non-annihilated) excitons. The average distance to the first nearest neighbour is
larger than would be expected for the case of a spatially random distribution [33].
The second term in equation (5.3) describes the enhancement of the TTA rate
between excitons on the guest molecules due to triplet diffusion via the host. As a result of
this diffusion process, the distribution of triplets over the guest molecules remains more
spatially random, leading to an enhanced time-integrated loss due to TTA. In ref. [33], a
somewhat similar situation was studied, viz. exciton diffusion due to Förster-type transfer
between the guest molecules. This was to a good approximation found to give rise to a guestdiffusion contribution kTT,gd to the TTA rate that could be described using a capture radius
formalism: kTT,gd  8(RF,TT – R0)D, with D the effective diffusion coefficient and R0 an
empirical cutoff value of R0  1.8 nm. In the case of host-mediated diffusion, two
modifications to this expression are expected:
(i). When taking D equal to the diffusion coefficient for triplets on the host, D, a
reduction factor equal to the probability Phost = (1 – Pguest) must be included,
(ii). The reduced triplet density on the guest molecules reduces the TTA rate by a factor
Pguest2. On the other hand, it enhances the radiative decay time by a factor 1/Pguest.
This enhances the time-integrated loss due to TTA, and hence the rate coefficient.
The net effect on the rate coefficient is a factor Pguest.
We therefore express kTT,hd as

kTT,hd  Phost Pguest 8Rc,eff D 

8( RF,TT  R0 ) D
 E  c
 E 
2  exp  T   h exp   T 
ch
 kBT  cg
 kBT 
cg

.

(5.5)

We will also describe the contribution to the TTA loss due to triplet encounter
processes on the host using the capture radius formalism. The rate coefficient must now be
proportional to the square of the triplet density on the host, i.e. to Phost2, and (due to the
enhanced radiative decay time, see above) to a factor 1/Pguest. The overall expression is
therefore
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kTT,hh 

2

1

 E 
ch
exp   T 
cg
 kBT 

Phost
8Rc,hh D 
 8Rc,hh D,
2
Pguest
 cg
 ET  
1  exp 

 kBT  
 ch

(5.6)

with Rc,hh the capture radius for this process.
Finally, the capture radius formalism is used to obtain a description of the TTA loss
due to the interaction between diffusing excitons on the host and fixed excitons on the guest
molecules. The rate coefficient is proportional to the triplet concentration on the host, and
therefore to Phost. However, it does not depend on Pguest, as the increase of the rate coefficient
(by a factor 1/Pguest) due to the longer effective triplet lifetime is cancelled by the decrease
due to the proportionality of the rate with the guest concentration (factor Pguest). The resulting
expression for kTT,hg is therefore
kTT,hg  Phost 4Rc,hg D 

4Rc,hg D
 ET 
1
exp 

ch
 kBT 

(5.7)

cg

with Rc,hg the capture radius for this process. The proportionality factor (4) is a factor 2
smaller than in the expressions for kTT,hd and kTT,hh, as now one of the excitons that is involved
in the TTA process does not diffuse.
5.2.3

Kinetic Monte Carlo simulations

In order to validate the analytic model that has been proposed in the previous subsection and
to deduce the values of the capture radii Rcc,hh and Rcc,hg, we have performed KMC simulations
using the simulation tool Bumblebee [34]. In the KMC simulations the TTA process is
assumed to be a Förster process with a Förster radius RF,TT that is derived from TTA
measurements of the emitter in the well confining host material TCTA, with a triplet energy
ET = 2.84 eV ([35–37]). The experimental values are contained in Table 1. The table gives in
between parentheses also the effective radiative lifetime eff,0, which is taken equal to the
measured effective lifetime in TCTA. The exciton lifetime on the host is assumed to be
infinite.
Within the simulations, the molecules are taken to be randomly distributed on a
cubic lattice with an intersite distance a0 = 1 nm. In references [5] and [27], we have shown
that triplet exciton guest-guest diffusion starts playing a role when using a guest
concentration larger than 5 mol%. As the guest concentrations used in this work are below
5 mol% (see table 1), we therefore assume that there is no guest-guest diffusion. An excitonic
Gaussian disorder energy (standard deviation) of T = 40 meV is assumed for all materials.
Host-mediated exciton diffusion is assumed to be due to thermally activated Dexter-type
processes, characterized by a wavefunction decay length  = 0.3 nm, by a transfer rate kD,1
between nearest-neighbour molecules with equal triplet energies, and by a Miller-Abrahams
type dependence of the rate on the difference E = (Ef – Ei) between the final and initial state
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triplet exciton energies. The distance (R) and E dependence of the transfer rate is thus given
by

 | E | E 
 2( R  a0 ) 
kD  kD,1 exp  
exp  

.




 2kBT 2kBT 

(5.8)

For simplicity, the rate is assumed to be identical for host-host and host-guest transfer.
For the materials studied in this work, D may be expressed as

D  a02kD,1.

(5.9)

Here  and  are an enhancement factor due to Dexter transfer to more remote neighbours
and a reduction factor due to excitonic disorder, respectively. In the absence of excitonic
disorder and for the case of transfer to only nearest neighbor sites, both factors are equal to
unity. For the materials studied in this work, with /a0 = 0.3 and T = 0.04 eV, it follows
from kMC simulations that  = 1.295 (see the Supporting Information section S.IV in
ref. [33]) and  = 0.239. Table AI of the Appendix gives the dependence of  on the disorder
energy.
Within the kMC simulations, we describe TTA due to the encounter of two triplet
excitons on host molecules and due to the encounter of a triplet on a host molecule and a
triplet on a guest molecule as a Dexter-type process with the same rate as Dexter-type
diffusion. As both processes are described in an equal manner, the corresponding capture
radii Rc,hh and Rc,hg are expected to be equal. In order to obtain the capture radius, we have
carried out kMC simulations within which only these two processes are included. As may be
seen in Figure A5.3 of the Appendix, the capture radius is only weakly dependent on the
Dexter prefactor kD,1 (and hence on the diffusivity), and is found to be in the range
0.6 – 0.7 nm. The finding of such a small value of the capture radius, of the order of the
intersite distance, is consistent with the very short range of the Dexter-type TTA process that
is assumed. When applying the analytic model, we will use a fixed value Rc,hh = Rc,hg =
0.65 nm. This will be shown to provide excellent descriptions of the kMC simulation results.

5.3

Results

In this section, we demonstrate for the four selected organic semiconductors the method
introduced in this work for determining the triplet exciton diffusivity. The experimental and
analysis results are summarized in Table I. For all but two of the host-guest systems studied,
the tabulated data show a clear increase of the effective lifetime eff and kTT with respect to
the values (in between parentheses) obtained for the case of strong exciton confinement.
Qualitatively, it is then already evident that host-mediated diffusion plays a significant role
in all systems. The deviating response that is found for the systems containing Ir(npy)2(acac)
will be discussed in the last paragraph of this section.
As a first step, we calculate for each system the dependence of eff/eff,0 and kTT on
D and ET, using the analytic model (equations (5.2) and (5.3)) and using KMC simulations.
Although a nominal value of ET is known from the triplet emission spectra (ET,spec, see
Table I), we thus treat ET as a free parameter, to be determined from the analysis. We note
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that the values of triplet energies, reported in the literature, are typically obtained from
measurements for neat films. As a result, the emission energy can be somewhat smaller than
the value for isolated molecules, embedded in an inert matrix. Such an effect has indeed been
seen for TPD, where the energy difference is approximately 0.04 eV [38]. Studies of triplet
energies on isolated NPB [30] show a similar blueshift as compared to neat-film results [28].
Other contributions to the uncertainty intervals given in Table I are related to differences of
the measurement temperature, the thin-film preparation technique, and the uncertainty in the
(0-0) peak location deduced from the spectra. Considering ET as a free parameter provides
a consistency check, and allows including small deviations that might arise from complexities
in the emission spectra. The only system-specific parameters that are needed to obtain the
predictions are RF,TT and cg. As motivated in Sec. 5.2, the cut-off radius R0 that enters equation
(5.5) is taken equal to 1.8 nm and the capture radii Rc,hh and Rc,hg that enter equations (5.6)
and (5.7) are taken equal to 0.65 nm. The kMC simulations are carried out using a Dexter
transfer rate as given by equation (5.8), with a value of kD,1 that follows from D using
equation (5.9).
In Figure 5.2, we show for seven systems contour plots of kTT (upper graphs) and
the lifetime enhancement (lower graphs) as a function of the exciton diffusivity and the
exciton confinement energy, as obtained from the analytic model (blue curves) and from the
kMC simulations (black curves). The figure shows that the simple analytic model is able to
reproduce well the results of the kMC simulations of kTT. The discrepancy is largest for
smaller values of kTT, i.e. for relatively strong confinement or for weak diffusion. We ascribe
that to numerical uncertainties. The figure also shows that equation (5.2) somewhat
underestimates the lifetime enhancement. Using the analytical model instead of the kMC
simulations would lead to a slight underestimation of the diffusion coefficient. However, it
may be seen that due to the relatively steep dependence of kTT on the diffusion coefficient,
the resulting error in D is relatively small.
In each graph in Figure 5.2 a vertical red-dashed line connects the points in the
upper and lower graphs for which the kMC simulation results (black curves) can
simultaneously explain the measured value of kTT and the lifetime enhancement. For TPBi
with FIrpic and Ir(Fppy)3 the analysis yields D = 19×10-12 m2s-1 and 22×10-12 m2s-1,
respectively, and confinement energies ET = 0.05 eV and 0.06 eV, respectively. The nearequality of the two values of D and the excellent agreement of the values of ET with the
spectral values from the literature (see Table I) provide strong support for the consistency of
the method.
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Figure 5.2 Contour plots of dependence of kTT (in units 10-18 m3/s, upper graphs) and the
effective lifetime enhancement eff/eff,0 (lower graph) as a function of the diffusivity and the
triplet exciton confinement energy, for host-guest systems based on TPBi, TPD, -NPD and
NPB. The black and blue curves are obtained from KMC simulations and the analytical model
presented in section 5.2.2, respectively. The vertical red-dashed lines connect the points at
which the kMC simulation results for the TTA rate coefficient and the lifetime enhancement are
both consistent with the experimental result.
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For all three systems containing TPD we find that ET is within the confidence interval that
is derived using the typical value of the TPD triplet energy found in the literature; see Table I.
The diffusivity is found to vary from 12×10-12 m2s-1 to 52×10-12 m2s-1. This systemdependence is possibly related to the relatively low glass temperature of TPD
(333 K [39,40]), in comparison to that of TPBi (395 K [41]), which might lead to a
morphology that differs for the different host-guest materials, thereby affecting the
diffusivity. Ràfols-Ribé et al. [41] showed that evaporating materials on a substrate with a
temperature close to their glass temperature can have a large impact on the formed
morphology.
For α-NPD and NPB, Figure 5.2 shows that studies with Ir(BT)2(acac) lead to
values of D that are one order of magnitude larger than for TPBi and TPD, viz. 4.8×10 -10 m2s-1
and 7.3×10-10 m2s-1 respectively. In Section 5.4.1, we further discuss this finding, making use
of a comparison of the triplet exciton wavefunctions on these molecules. The triplet exciton
confinement energy for α-NPD and NPB was found to be 0.15 eV and 0.17 eV, respectively,
which is just outside the confidence interval 0.08 ± 0.06 eV (see Table I). A possible
explanation for this finding would be the presence of triplet quenchers, as observed for NPB
by Redondo et al. [42]. However, we find that the relative PL yields obtained from
Ir(BT)2(acac) embedded in TCTA, CBP, TPD (no host-mediated diffusion), and α-NPD and
NPB (strong host-mediated diffusion) are all essentially equal. This indicates that triplet
quenching in α-NPD and NPB is insignificant. We cannot exclude that such a process would
in other cases be important. We have therefore determined the sensitivity of the analysis to
quenchers using additional kMC simulations. The results, which are given in Figure A5.4 of
the Appendix, show that already when 0.1 mol% of randomly dispersed quenchers would be
present, a significant further enhancement of kTT and a significant reduction of the effective
lifetime are obtained. In view of this sensitivity, we thus conclude that when using the
analysis method for determining the diffusion coefficient, introduced in this chapter, it is
important to investigate the possible effect of quenchers by measuring the PL yield, relative
to that in selected reference films.
In order to investigate the consistency of the results for α-NPD and NPB, we
extended our study to systems containing Ir(npy)2(acac), for which the triplet energy is almost
identical to that of Ir(BT)2(acac). We note that the emissive lifetime for this emitter is
relatively long (around 9 s) and that the TTA rate coefficient in the absence of host-mediated
diffusion (kTT,nd, equation (5.4)) is quite small. Surprisingly, we find that for these systems
the shape of the PL spectrum is quite different than observed for emission from Ir(npy) 2(acac)
in three host materials (TCTA, mCP and TPD) with a larger triplet energy than α-NPD and
NPB, and that the peak in the PL spectrum is slightly red-shifted. Figure 5.3 gives an
overview of the measured spectra. For Ir(BT) 2(acac) such a strong dependence of the
spectrum on the host material was not observed (see Figure A5.5 in the Appendix). The
emission spectra from Ir(npy)2(acac) in TCTA and -NPD do not reveal a significant
temperature dependence (see Figure A5.6 of the Appendix). This indicates that the red-shift
is not due to relaxation effects. Furthermore, we find for Ir(npy) 2(acac) in α-NPD and NPB a
decrease of the emissive lifetime, instead of the expected increase due to host-mediated
diffusion, and almost no stretching (β close to unity, see Table I). A first possible explanation
for these observation would be the occurrence of emitter aggregation. For host-guest systems

88

Single-layer method for quantifying the triplet exciton diffusion coefficient

containing Ir-cored emitter materials aggregation has indeed been observed. The effect can
result in a red shift of the PL spectra and a decrease in lifetime, and is known to depend on
the type of host material [43,44]. However, so far the effect has been observed only at large
emitter concentrations (> 10 mol %), whereas in our films a guest concentration smaller than
4 mol% was used. That makes the occurrence of guest-guest aggregation less likely. We
therefore presently regard aggregate formation between Ir(npy) 2acac and α-NPD and NPB as
a more likely explanation. In such a case, the method that has been presented in this work is
not applicable.

Figure 5.3 Normalized steady-state PL spectra for 3.85 wt% Ir(npy)2(acac) in five different
host materials: mCP, TCTA, TPD, α-NPD and NPB. The small peak at 430 nm may be
attributed to host fluorescence.

5.4

Discussion

5.4.1

Exciton transition density distribution

We have found that the triplet diffusivity on α-NPD and NPB is approximately one order of
magnitude larger than for TPBi and TPD. Following Wu et al. [18], who were the first to
relate the triplet exciton diffusion length in organic semiconductors to the distribution of the
triplet exciton density on the molecule, we investigated these distributions for TPBi, TPD,
α-NPD and NPB using Density Functional Theory (DFT) calculations. As a first step, the
geometries of the molecules were optimized in their ground state with DFT calculations
employing the B3LYP functional with a 6-31g basis set. The triplet exciton transition density
distribution was generated using time-dependent DFT (TD-DFT), with the same basis set and
functional as in the DFT calculations. All calculations were performed with the ORCA
package [50].
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Figure 5.4 shows the transition density distributions on the four host molecules. For
TPBi and TPD, the materials with a smaller diffusivity, the triplet density is mainly located
in the central part of the molecule. In contrast, for NPB and α-NPD the triplet density is
located more predominantly at the exterior part of the molecules. As the intermolecular
wavefunction overlap (and hence the intermolecular transfer rate) is most likely smaller when
the exciton is located in the central part of the molecules than when it is located at the exterior
parts, these differences can explain the observed differences in the diffusivity. Furthermore,
we see that on NPB the triplet density is more delocalized than on α-NPD, in which the
density is solely localized on one naphthyl group due to the significant torsion angle between
the methylbenzidine groups in the central part of the molecule. That may explain the finding
of an approximately 50% larger diffusivity in NPB than in α-NPD.

Figure 5.4 Results of TD-DFT calculations of the transition density distribution for the four
host molecules TPBi, TPD, NPB and α-NPD.
5.4.2

Application to co-host systems

The proposed method can also be used to determine the triplet exciton diffusion
coefficient in materials consisting of two randomly mixed organic semiconductors. That can
be of interest when studying so-called "mixed-matrix" OLEDs in which the emissive layer
consists of a guest and two host molecules. Usually, the two components in such a co-host
system fulfill complementary roles, as the electron and hole conducting material. By varying
their concentration ratio, the electron-hole mobility balance in the emissive layer can be
tuned, and thereby the shape of the emission profile [9]. When for one of the two materials
the triplet energy is very high, so that triplet diffusion almost entirely occurs via the second
material, the triplet diffusion coefficient will decrease with increasing concentration of the
first material. An example would be a mixture of TPBi and TPD, studied by adding a small
concentration of Ir(ppy)3. The triplet excitons diffuse almost entirely via the TPD molecules,
as the triplet energy of TPBi is more than 0.2 eV larger. We find from kMC simulations that
for such a system containing an inactive (high triplet energy) host, the value of kTT may also
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be obtained from the analytic model given in section 5.2.2, after taking into account that the
dilution (i) decreases the probability Phost that an exciton resides on a host molecule, (ii) gives
rise to a decrease of the diffusion coefficient, and (iii) gives rise to a decrease of the TTA
capture radii Rc,hh and Rc,hg. Each of these three factors thus gives rise to a decrease of kTT
with increasing dilution. Phost follows from the right-hand side of equation. (5.2), when
replacing ch by the mole percentage of active (low triplet energy) host molecules. In
Table AII of the Appendix the dilution dependence of the diffusion coefficient and the
capture radius, as determined from kMC simulations, are given. The decrease of the capture
radius, taken equal for host-host and host-guest TTA, may be viewed as a result of the
"protective" effect with respect to TTA that inactive host molecules offer to nearby excitons.

5.5

Summary and Conclusion

In summary, we have proposed a method for determining the triplet exciton diffusivity in
disordered organic semiconductors using single-layer films of these materials containing a
small concentration of Ir-cored guest molecules. The method involves a comparison of the
TTA rate and the emissive PL lifetime for systems containing guest molecules on which the
triplet excitons are well-confined and for systems containing guest molecules from which
easy deconfinement to the host takes place so that host-mediated triplet exciton diffusion
enhances the TTA rate and the effective lifetime. The diffusivity is determined from an
analysis of the experimental data using a simple analytic model (equations (5.2) – (5.7)) that
has been validated using kMC simulations.
The method is most suitable for material systems with a confinement energy
(ET,h– ET,g) in the range of 0.0 − 0.1 eV, as the method depends on a significant enhancement
of the TTA rate and the effective lifetime. The application of the method thus requires a
careful selection of the guest molecule. Fortunately, Ir-cored guest molecules with emission
energies across the entire visible range, in the near UV and in the near IR range are available.
A basic requirement is that the interaction between the excitonic state on the guest and the
neighboring host molecules is relatively weak, leading, e.g., to PL emission spectra from the
guest molecules that are independent of the host material. For two systems (Ir(npy) 2(acac) in
an NPB or -NPD host material) this requirement was found not to be met, most likely due
to host-guest aggregate formation.
We have determined the diffusivity for four organic semiconductors. For TPBi and
TPD the exciton diffusion coefficient is in the range (12 – 52) × 10-12 m2s-1, while for α-NPD
and NPB the diffusion coefficient is found to be one order of magnitude larger. We relate
this disparity to the different locations of the triplet exciton density on the molecules: for
TPD and TPBi the triplet density is mainly located on the central part of the molecule,
whereas for α-NPD and NPB it is located on the exterior parts. When the exciton is located
on the exterior parts, intermolecular wavefunction overlap is most likely stronger, resulting
in a larger intermolecular transfer rate and a larger exciton diffusion coefficient. The
intermolecular nearest-neighbor transfer rates, kD,1, follow from the diffusion coefficient
using equation (5.9). For the materials studied in this work, we find that kD,1 ranges from
about 3107 s-1 (in TPD, from experiments with Ir(ppy) 3) to about 2.2109 s-1 (in NPB, from
experiments with Ir(BT)2(acac)). We expect that these results will provide a valuable
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experimental benchmark for future first principles simulations of the intermolecular transfer
rate in organic semiconductors, and that their use will enable obtaining more precise
predictions of the performance of organic optoelectronic devices such as OLEDs using kMC
simulations.
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5.6

Appendix

The triplet energy levels of the studied guest molecules were determined from the peak
position of the PL spectra shown in Figure A5.1.

Figure A5.1 The measured PL spectra of the studied emitters in TCTA.
Figure A5.2 shows the structure of the host and guest molecules included in this
study.

Figure A5.2 Structure of the host and guest molecules included in this study.
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Table AI gives an overview of the factor  with which the diffusion coefficient is
reduced due to excitonic disorder (see section 5.2.3, equation (5.9)), as obtained from kMC
simulations for two values for the ratio /a0. Here  is the triplet exciton wavefunction decay
length.
Table AI. Dependence of the factor  (see section 5.2.3) on the excitonic disorder parameter
T, for /a0 = 0.1 and 0.3, at T = 300 K.
T [eV]
 (dimensionless)
/a0 = 0.1
/a0 = 0.3
0
1
1
0.01
0.752
0.782
0.02
0.549
0.555
0.03
0.343
0.380
0.04
0.219
0.239
0.05
0.136
0.148
0.06
0.087
0.096
Figure A5.3 shows the triplet-triplet annihilation rate coefficient determined from
the analytic and kMC models when only processes C and D (see Figure 5.1 of the main text)
are taken into account as a function of the diffusivity. The colored curves are the results of
the analytic model for different values of the capture radius Rc,hh, which is taken equal to
Rc,hg. From the comparison to the results of kinetic Monte Carlo simulations (black squares)
it is found that the results can best be described by a Rc,hh = 0.65 nm.

Figure A5.3 The triplet-triplet annihilation coefficient as a function of the diffusivity,
determined from kMC modelling (symbols) and the analytic model taking only processes C
and D into account (full curves, results obtained for four values of the capture radius
Rc,hh = Rc,hg).
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Figure A5.4 Contour plots of the dependence of kTT (in units 10-18 m3/s, upper graph) and
the effective lifetime enhancement eff/eff,0 as a function of the diffusivity and the triplet
exciton confinement energy for NPB:Ir(BT)2(acac) (lower graph). The black curves are the
kMC simulation results shown in Figure 5.2. The red curves give the kMC simulation results
for systems containing 0.1 mol% quenchers. The vertical red(black)-dashed lines connect for
the 0.1mol% systems the points at which the kMC simulation results for the TTA rate
coefficient and the lifetime enhancement are both consistent with the experimental result.
As discussed in the main text (Section 5.2.3), we have analyzed the sensitivity of
the method for obtaining the diffusion coefficient, introduced in this chapter, to quenchers.
For that purpose, 0.1% of the sites is treated as a host molecule at which immediate nonradiative decay takes place. Figure A5.4 gives for a selected set of values of the host diffusion
coefficient and the triplet confinement energy the effect on kTT and the effective lifetime
enhancement. The figure shows that when quenchers are present an analysis that would
neglect the effect of the quenchers would lead to an overestimation of the diffusion
coefficient and to a too large value of the triplet confinement energy.
Figure A5.5 shows the measured steady-state PL spectra of 3.85 wt% of
Ir(BT)2(acac) in TCTA, CBP, TPD, NPB and α-NPD. The spectra show no significant
difference in the peak position, in contrast to the spectra of 3.85 wt% of Ir(npy)2(acac) in the
same set of host materials, presented in Figure 5.3 of this chapter.
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Figure A5.5 Steady-state PL spectra for 3.85 wt% Ir(BT)2(acac) in TCTA, CBP, TPD, NPB
and α-NPD.
KMC simulations for co-host systems in which one of the host-materials has a high
triplet energy ("inactive host", see section 5.4.2), show that the diffusion coefficient
D  D*  D0 and the TTA capture radius Rc  Rc*Rc,0 (taken to be equal for host-host and
host-guest TTA), decrease with increasing host dilution. Here, D0 and Rc,0 are the diffusion
coefficient and the capture radius in the non-dilute limit, respectively. Table AII shows the
dependence of the diffusion coefficient and capture radius prefactors D* and Rc* on the host
dilution, as determined from kMC simulations for the values /a0 = 0.3 and T = 0.04 eV, at
T = 300 K, corresponding to the default values used in the main text of this chapter
.
Table II. The dependence of the capture radius and the diffusion dilution prefactor on the
host dilution, for /a0 = 0.3 and T = 0.04 eV, at T = 300 K.
Dilution
0 mol%
20 mol%
40 mol%
60 mol%
D*
1
0.71
0.44
0.23
R c*
1
0.92
0.87
0.75

96

Single-layer method for quantifying the triplet exciton diffusion coefficient

Figure A5.6 shows PL spectra of 3.85 wt% of Ir(npy)2(acac) in TCTA (a) and
α-NPD (b), measured at various temperatures. The figure shows that the red-shift and change
of the spectral shape that is observed for Ir(npy)2(acac) in α-NPD is not due to relaxation
effects, as the spectra show no significant shift with decreasing temperature.

Figure A5.6 Steady-state PL spectra for 3.85 mol% Ir(npy) 2(acac) in TCTA (a) and α-NPD
(b) at various temperatures.
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Chapter 6 Mechanistic description
of triplet-polaron quenching losses
in m-MTDATA: Ir(ppy)2(acac) host
guest systems
In Chapters 3 and 4 we studied triplet-triplet annihilation (TTA). We have shown that guestguest exciton diffusion and host-mediated diffusion lead to an enhancement of the exciton
loss due to TTA. In Chapter 5 we have shown how measurements of the enhancement of TTA
and the effective lifetime due to deconfinement can be used to quantify the diffusivity of the
triplet excitons over the host. For all processes a mechanistic, molecular scale, description
was given.
In this chapter we will develop such a mechanistic description for the triplet-polaron
quenching losses in unipolar devices with an EML consisting of m-MTDATA:Ir(ppy)2(acac).
A combination of electrical and photoluminescence (PL) experiments is used to probe the
exciton loss processes in these devices. The PL efficiency loss and the efficiency loss as
deduced from the decrease in the effective lifetime are not equivalent. This is attributed to
the effect of field-induced dissociation. We show that a rate equation approach is inadequate
to describe all experimental results. At best, it could give a phenomenological description of
a specific result. However, a fair description of all the experimental results is obtained from
kMC simulation results. A triplet exciton binding energy of 1.0 eV and a Förster radius of
4 ± 0.3 nm for the TPQ process is obtained. We also deduce the Förster radius for TPQ from
the spectral overlap of the donor (Ir(ppy)2(acac)) emission spectrum and the absorption
spectrum of the positively charged acceptor (m-MTDATA+). These experiments yield a
somewhat smaller TPQ Förster radius, viz. 3.1 ± 0.2 nm.

Chapter 6

6.1

Introduction

Phosphorescent organic light-emitting diodes (OLEDs) suffer from a strong reduction of the
internal quantum efficiency at high luminance, coupled with a reduction of the operational
lifetime. The main loss processes at high luminance levels are triplet-triplet annihilation
(TTA) and triplet-polaron quenching (TPQ). Both TTA and TPQ are bimolecular
interactions. TTA is the process of energy transfer between a donor and acceptor triplet
exciton, in which one or both of the excitons are lost. TPQ is the result of energy transfer
from a triplet exciton to a polaron. Subsequently, the excited polaron decays non-radiatively
to its ground state leading to the loss of the exciton. As the molecules are highly excited
during TTA and TPQ events, the probability of the breaking of a bond during such an event
is strongly enhanced (although for each single event for commonly used materials still very
small). The resulting degradation probability is largest when blue phosphorescent emitters
are involved [1–3].
For a long time, there has been an intensive discussion in the literature about the
relative contributions of TTA and TPQ to the efficiency roll-off a high luminance levels [4–
9]. To accurately quantify the relative contributions it is necessary to describe the process
involved in mechanistic manner. The relative contribution of TTA and TPQ results from a
subtle interplay with many other processes, such as exciton diffusion and field-induced
exciton dissociation [10–12]. In previous chapters we disentangled TTA, guest-guest exciton
diffusion and host-mediated diffusion. In this chapter, we disentangle the last two processes,
TPQ and field-induced exciton dissociation.
In the limit of strong diffusion, the time dependence of the triplet exciton volume
density T(t), modified by triplet-triplet annihilation, triplet-polaron quenching and exciton
field-induced dissociation can be described by the following rate equation

dT
T
1
 G   kTPQ,h nhT  kTPQ,e neT  kTTT 2  kF FT
dt

2

(6.1)

with G the triplet generation term, τ the triplet lifetime, kTPQ,h(e) the triplet-polaron quenching
rate coefficient, nh(e) the hole (electron) density, F the field strength in the device, kF the fieldinduced dissociation rate coefficient and kTT the triplet-triplet rate coefficient. This simple
empirical approach has didactic value. However, when applied to practical experiments it is
often found to oversimplify the reality.
Kalinowski et al. [13] argued that field-induced exciton dissociation is one of the
main to contributions to the efficiency roll-off in OLEDs. However, in well-designed OLEDs
exciton dissociation plays no direct role in efficiency roll-off, as dissociated excitons will
reform in time when they are confined to the emissive layer (EML). However, exciton
dissociation plays an indirect role, by leading to enhanced TPQ due to a increased local
polaron density.
By measuring OLEDs under reverse bias conditions, Haneder et al. [14] have shown
that exciton dissociation can contribute significantly to the exciton losses measured in PL
experiments, dependent on the energy levels in the EML. They defined two types of EML.
In type I systems both the HOMO and LUMO of the guest molecule are lying inside the
HOMO and LUMO of the host, i.e., the guest sites are electron and hole trap sites. In type II
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systems both the HOMO and the LUMO are outside the gap, determined by the
corresponding orbitals of the host material. Charge transport then occurs over the host. It was
found that for type II systems EMLs exciton dissociation has a significant contribution to the
exciton losses. Furthermore, they showed that the measured decrease of the PL efficiency
with increasing current density and the measured decrease of the effective exciton lifetime
do not necessarily provide the same effective TPQ rate coefficient. Reineke et al. [15]
observed a similar discrepancy between the measured decrease of the time-integrated PL
efficiency and the decrease of the effective lifetime. The decrease of the relative decay rate,
τ(J)/τ(J = 0) assuming that the current density dependent relative PL efficiency η PL can be
written as
krad
krad  knr  rTPQ ( J )
PL ( J )
1
(6.2)
PL,rel 


krad
rTPQ ( J )
PL ( J  0)
1
krad  knr
krad  knr
If equation (6.2) is valid, the J-dependent TPQ rate rTPQ(J) follows directly from ηPL(J) and
the measured value for τ = 1/(krad + knr) at J = 0. We note that in this approach we have
neglected a possible J-dependence of the radiative rate and the TPQ rate across the device
thickness of the device. Combined with a position dependent light outcoupling probability,
this can affect the final result. In our analysis we will therefore carefully include the light
incoupling and light outcoupling efficiencies across the layer thickness. Furthermore,
equation (6.2) neglects a possible J-dependence of the (effective) radiative decay rate. Both
studies of Haneder et al. [14] Reineke et al. [15] attributed the discrepancy between the
measured decrease of the time-integrated PL efficiency and the decrease of the effective
lifetime to the dissociation of a precursor of the triplet exciton in PL experiments.
Whether a formed exciton dissociates is dependent on the energetics in the system.
As exciton dissociation plays a role in triplet polaron quenching, it is important for
mechanistic modeling to determine the exciton binding energy of the molecules. Yoshida et
al. [16] determined from a combined photoemission and inverse photoemission spectroscopy
measurement for tris(2-phenylpyridinato)iridium(III) (Ir(ppy)3) the fundamental gap Eg, and
deduced from the measured triplet energy an exciton binding energy of
Eg − ET = 1.03 ± 0.05 eV. As will be discussed below, the exciton dissociation rate is also
dependent on the binding energy of the charge transfer (CT) exciton state formed, and the
energetic disorder of HOMO and LUMO states.
Triplet-polaron quenching studies typically make use of either photoluminescence
(PL) experiments, electroluminescence (EL) experiments or combinations of the two,
depending on whether unipolar or bipolar devices are studied. By using both
electroluminescence and photoluminescence experiments, Siboni et al. [17] found that
polarons on the guest molecules (in their experiments Ir(ppy) 3) are more effective than
polarons on the host in quenching excitons. Moreover, Sandanayanka et al. [18] showed
using PL experiments that unipolar devices with thermally activated delayed fluorescent
(TADF) emitters that for the studied system exciton-polaron quenching is predominantly due
to the quenching with holes. These findings illustrate the importance to study TPQ in unipolar
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devices, to be able to differentiate the TPQ rate for electrons and holes. Moreover, the triplet
polaron quenching rate coefficients reported in literature vary and are shown to be strongly
dependent on the stack design. It is therefore important to find a mechanistic description to
disentangle all processes. Not only can the energetics of the system influence TPQ.
Murawski et al. [19] showed that micro-cavity effects and emitter orientations should also be
considered when analyzing the experimental results. On the other hand, Wehrmeister et al.
[5] argued that, although krad is influenced by micro-cavity effects, the TPQ rate is unaffected
by micro-cavity effects.
In this chapter we study the photophysics and excited state dynamics of unipolar
devices with an EML consisting of 4,4’,4’’-tris[3-methylphenyl(phenyl)amino]
triphenylamine (m-MTDATA) as host and bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III)) (Ir(ppy)2(acac)) as emitter molecule. The molecular structures are shown in
Figure 6.1a. This carefully selected host-guest system follows the idea of Hertel et al. [20]
to select a host material with a HOMO energy higher than the guests HOMO energy to
simplify the analysis of the charge transport. Advantageously, that will allow us to develop
a mechanistic model for the hole transport, independent of the concentration of guest
molecules, as a first step to a mechanistic description of the TPQ process. Furthermore, to
prevent the complexity of host mediated diffusion, the triplet confinement energy of the guest
should be higher than 0.2 eV, as shown in Chapter 4 [21]. In this study we will use a
combination of electrical and transient PL experiments and modelling to study the exciton
dynamics. Using kinetic Monte Carlo (kMC) simulations, we build on the previously
acquired knowledge to describe all process occurring in the devices, including triplet-polaron
quenching and exciton field-induced dissociation.

6.2

Experimental and analysis methods

6.2.1

Experimental approach

The design of the studied unipolar (hole-only) devices and the energy levels are shown in
Figure 6.1b. For m-MTDATA and Irppy2(acac) the HOMO levels were measured using
ultraviolet photon spectroscopy (UPS) and found to be -5.1 eV and -5.2 eV respectively [22].
The LUMO levels [23–28] were taken from the literature. However, lacking inverse UPS
measurements it should be noted that these values were obtained by adding the optical gap
to the HOMO energies, neglecting the exciton binding energy. As discussed before by
Yoshida et al. [16], that can result in an error of about 1 eV.
For this stack we used 120 nm indium-tin oxide (ITO) layers on glass on which
PEDOT:PSS (20 nm) was spincoated as a cathode. The following layers were evaporated: A
50 nm hole transport layer (HTL) consisting of m-MTDATA, an EML consisting of
coevaporated m-MTDATA doped with 7 wt% (~ 9 mol%) of Ir(ppy)2(acac), and another 100
nm of m-MTDATA. This stack design with a relatively large distance of the emissive layer
to the electrode layers, was chosen to prevent a large Purcell effect on the radiative decay
rate of the excitons, such that a constant exciton lifetime could be assumed in the EML
[5,19,29]. A 100 nm Al layer in combination with 10 nm MoOx and 7 nm CBP was used as
the anode. The devices were operated under reverse bias conditions. Wetzelear et al. [30]
have shown that, effectively, an Ohmic contact can be achieved when a thin layer of an
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organic material with a high ionization energy is included. We used CBP, which has a deep
HOMO level -6.1 eV. The layer thickness of CBP was optimized. We used a thickness of
7 nm, for which the highest current was achieved
The triplet energy levels for m-MTDATA and Ir(ppy)2(acac) are, respectively,
2.62 eV [31] and 2.38 eV. The confinement energy is 0.24 eV and therefore sufficiently high
to exclude exciton deconfinement. The current density-voltage J(V) characteristics for the
doped and undoped hole-only devices are presented in Figure 6.2. The figure shows as
expected no significant effect of the doping. The J(V) characteristics of the devices at
different temperatures are shown in the Appendix, see Figure A6.1.

Figure 6.1(a) The molecular structures of Ir(ppy) 2(acac) and m-MTDATA. (b) The energy
level diagram of the studied hole-only device. The HOMO levels were measured using UPS
and the LUMO levels were taken from literature [23–28]. The MoOx layer (10 nm) is
contacted by a 100 nm Al layer. The device is operated under reverse bias conditions.
To study TPQ, a similar experimental approach was used as carried out by
Wehrmeister et al. [5]. A voltage pulse is generated by a wavefunction generator. To ensure
steady-state conditions, a pulse width of 100 μs is used. Halfway of the voltage pulse a photoexcitation was applied, using a nitrogen laser with a wavelength of 337 nm (Stanford
Research System, NL100). To obtain a uniform intensity profile and to ensure that only the
active area was excited a 1 mm2 circular aperture was used. The laser intensity was taken
sufficiently low to minimize the TTA loss. The initial triplet exciton density T0 is estimated
to be in the order of 5 × 1023 m-3. The resulting photoluminescence was measured time-
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resolved using a fast photodiode (MenloSystems, FPD 510-FV). Simultaneously, the
photoluminescence was spectrally resolved using a gated CCD camera, with a delay of 2 ns
and a measurement window of 20 μs. Both measurements were performed under an angle of
30 degrees with the normal vector of the sample.

Figure 6.2 The current density-voltage characteristics for the device presented in b (dashed
curves) and for undoped devices with different HTL thicknesses 150, 200 and 250 nm (fullcurve). The squares are the kMC simulation results.

6.2.2

KMC simulations

We use kMC simulations to disentangle the various contributions to the exciton dynamics in
the studied devices. The kMC simulations were performed using the simulation tool
Bumblebee [32]. In previous chapters we have shown how kMC simulations can be used to
disentangle and describe the process involved in exciton losses in photoluminescent
experiment in host-guest systems. The studied processes were triplet-triplet annihilation,
guest-guest diffusion and host mediated diffusion. These results are used as input for the
simulations described in this chapter.
In the simulations, the molecules are taken to be randomly distributed on a cubic
lattice with an intersite distance a0 = 1 nm. Charge transport is implemented assuming
Miller-Abrahams hopping rates. To study triplet-polaron quenching it is crucial to be able to
understand the charge transport and the corresponding polaron density throughout the studied
devices. Therefore, first a description of the J(V) characteristics is needed. A description of
the J(V) characteristics as well as the thickness and the temperature dependence were
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obtained using the following input parameters: a hopping attempt rate to the first nearest
neighbor ν1 = 4.6 × 1010 s-1, a wavefunction decay length λ = 0.3 nm, a disorder energy
σ = 0.10 eV. As a result, the mobility in the limit of zero charge carrier density and zero field
is equal to μ0 = 3 × 10-9 m2/Vs. The symbols in Figure 6.2 indicate the kMC simulation
results, which are in good agreement with the experimental results. From Figure A6.1
(Appendix, Section 6.7), it may be seen that this set of parameters also yields a good
description of the measured temperature dependence of the J(V) characteristics of 250 nm
devices.

6.3

Results of time-resolved PL experiments

The experimental results obtained for different voltages are presented in Figure 6.3. The
spectrally resolved data show the characteristic emission profile of Ir(ppy) 2(acac), with a
emission peak at 518 nm. The PL efficiency decreases with increasing applied voltage. The
time-resolved data show that the triplet decay is to a good first approximation monoexponential. The triplet decay rate increases with the applied voltage. At time zero there is a
large initial peak, which is attributed to the singlet emission of the m-MTDATA in the HTL
layers.

Figure 6.3 The experimental data obtained for the m-MTDATA:Ir(ppy)2(acac) device shown
in Fig. 6.1b, obtained for a range of applied biases in the range 0−16 V. (a) The time
integrated PL spectra. (b) The spectral integrated time-dependence of the transient PL
intensity. The large initial peak at time zero is attributed to the singlet emission from the neat
m-MTDATA in the HTL layers.
In Figure 6.4 the normalized efficiency deduced from the lifetime (squares) and as
deduced directly from the time-integrated PL intensity (circles) relative to the values at zero
current density are plotted as a function of the current density. The lifetime at zero current
density was found to be equal to 1.23 ± 0.02 μs. The figure clearly shows that the two methods
are not equivalent. The measured PL efficiency starts to decrease at current densities of the
order of 10 A/m2. In contrast, the efficiency as deduced from the lifetime starts to decrease
around 100 A/m2, i.e., one order of magnitude later. The faster decrease of the measured
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relative PL efficiency indicates that equation (6.2) is not valid. A complicating effect could
be a J-dependent effective radiative decay rate due to field-induced dissociation.

Figure 6.4 The relative decrease of lifetime (black squares) and PL efficiency (red circles),
normalized to the values obtained at zero voltage, as a function of the current density.

6.3.1

Field-induced exciton dissociation

To quantify the exciton loss due to field-induced dissociation two additional measurements
were performed. For these measurements the hole injection layers (CBP/MoOx) were
replaced with LiF, which due to its low workfunction results in a built-in voltage. That
prevents the injection of holes under reverse bias conditions, resulting in current densities at
voltage down to -32 V that are smaller than 10-2 A/m2. Furthermore, impedance
measurements showed that the devices then can be viewed as ideal capacitors, characterized
by εr = 3.2 ± 0.1. To determine a possible exciton loss due to singlet dissociation also an
undoped device was studied. In Figure 6.5 the relative PL efficiency and the effective exciton
lifetime for the two devices are plotted as a function of the voltage.
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Figure 6.5 The measured normalized PL efficiency and the effective lifetime for triplets (a)
and singlets (b) as function of the applied bias. The studied devices are shown below the
graphs.
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Quite surprisingly, the doped device (Figure 6.5a) shows a decrease in the PL
efficiency but a constant effective lifetime of 1.2 ± 0.05 μs. Similar result were observed by
Reineke et al. [15] for TCTA:Ir(ppy)3 and Haneder et al. [14] for Ir(dpbic)3:Ir(cnbic)3. These
authors attributed the efficiency loss to the dissociation of non-thermalized precursor
excitons (i.e. singlet excitons on the host), in an attempt to explain why the effective lifetime
of the triplet as deduced from the I(t) does not decrease. However, we will show using kMC
simulations that a stronger decrease of the PL efficiency as compared to the lifetime can also
occur when all singlets are transferred to the guest molecules, followed by triplet formation
on the Ir-emitter by fast intersystem crossing. The PLQE loss can then be due to field-induced
dissociation of the triplet excitons. Partial generation of new triplets then enhances the
lifetime. The kMC simulation results will be discussed in the next section.
In Figure 6.5(b) the results for field-induced singlet dissociation are shown. The
results look similar as what found for the triplet dissociation, albeit that the PL efficiency
shows a stronger decrease of 17% at 24 V. However, the situation is for the singlets more
complex than for the triplets. For the singlets the decrease is predominantly observed in the
tail of the singlet emission spectrum, above 500 nm (see Figure A6.3 in the Appendix). The
peak intensity at 450 nm is almost independent of the bias voltage. In PL studies of mMTDATA films Graves et al. [33] found a very pronounced long-lived contribution to the
PL spectrum at 511 nm, which they attributed to the presence of excimers. These are chargetransfer excitons with the electron on one m-MTDATA molecule and the hole on a nearest
neighbor m-MTDATA molecule. This results in a reorientation of the molecules, thereby
optimizing their interaction. It is possible that the stronger decrease of the intensity in the tail
of the spectrum is due to a smaller exciton binding energy of the excimers, as compared to
that for an exciton that is localized on a single m-MTDATA molecule. The effective lifetime
shown in Figure 6.5(b) was measured using the correlated single photon counter, with a 405
nm excitation laser. The lifetime at 450 nm was found to be independent of the bias voltage
and equal to τ =1.8 ± 0.1 ns. However, states contributing to the tail showed a longer lifetime,
in the order of 10-20 ns. These large values are nevertheless significantly smaller than those
that were reported by Graves et al. [33] , viz. in the range of microseconds. The difference
could be due to a different thin-film morphology, resulting from different deposition
conditions.
These experiments on the singlet emission do not yet show whether in the host-guest
systems studied excimer formation plays a significant role. However, we find in the spectra
for the host-guest systems no m-MTDATA singlet contribution. That shows that the transfer
of singlets from m-MTDATA to the guest molecules is very fast (occurring well within the
radiative decay rate of the singlets, as expected in the case of a large Förster radius for this
process). It is highly unlikely that the excimer formation process is faster. As no singlet
emission was observed, the exciton transfer from singlets on the m-MTDATA to the
Ir(ppy)2(acac) is found to be 100 % efficient. Singlet dissociation can therefore not be
responsible for the discrepancy between the decrease in the PL efficiency and the lifetime.
6.3.2

The TPQ rate coefficient

We will first analyze the data using the conventional method. However, we will show that
this method cannot capture the complexities in measurements of TPQ. When we assume that
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the additional PL efficiency loss seen in Figure 6.4 is due to the dissociation of a precursor,
the decrease of the lifetime can been seen as a measure for the exciton losses due to TPQ. As
mentioned in the Introduction, the rate coefficient kTPQ can then be determined from the
effective lifetime. Using equation (6.2) we derive the following expression in which we take
the incoupling and outcoupling efficiencies into account:
L
 ( J )
in ( x)out ( x)
dx

 (0)
(J ) 0
(6.3)

,
L
 (0)
in ( x)out ( x)dx
0

with
 1

1

 kTPQ np ( J , x)  ,

 ( J )   (0)


(6.4)

where η(J)/ η(0) is the efficiency obtained from the measured lifetime at a current density J,
normalized to the efficiency obtained from the lifetime at zero current density, L is the device
thickness, ηin(x) is the light incoupling efficiency at position x in the device and ηout(x) the
outcoupling efficiency.
The incoupling and outcoupling efficiencies are determined using SETFOS [34].
The polaron (hole) density np is obtained from the kMC simulation results shown in
Figure 6.2. The incoupling and outcoupling efficiency and the polaron densities are shown
in the Appendix (see Figure A6.2 and Figure A6.2). In Figure 6.6 the black squares indicate
the TPQ rate coefficient kTPQ determined from the lifetime decrease using equation (6.3),
plotted as a function of the current density. The rate coefficient kTPQ determined from the
lifetime drop is constant 2.7 ± 0.4 × 10-18 m3/s, up to a current density of 2 × 103 A/m2. At
higher current densities the rate coefficient increases. Xiang et al. [35] observed an increase
in the PL quenching coefficient when high current densities were applied for longer periods
of time. They attributed the effect to Joule heating. However, using a duty cycle of 1:1000
with pulse width of 100 μs pulse Joule heating seems unlikely. A more fundamental
explanation of the observed J-dependence of kTPQ could be that the use of the
phenomenological approach in terms of an effective rate coefficient is incorrect. We therefore
look for a mechanistic description that can consistently describe all the experimental results,
making use of kMC simulations.
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Figure 6.6 The triplet-polaron quenching rate coefficient kTPQ as function of the current
density, as determined using equation (6.3), applied to the time-resolved measurement results
for the efficiency obtained from the radiative lifetime presented in Figure 6.4.

6.4

KMC simulations

In order to mimic the time-resolved experiments in kMC simulations. Triplet excitons were
introduced randomly on Ir(ppy) 2(acac) molecules in a system with a layer structure as shown
in Figure 6.1(b), after convergence at a selected current density was achieved. For all
excitonic states the exciton disorder energy was taken equal to 0.04 eV. The radiative lifetime
of the excitons was taken equal to the measured effective lifetime obtained from
measurements at zero voltage. The non-radiative decay rate was taken equal to zero. In
previous work we have shown that guest-guest exciton diffusion starts to play a role when
using guest concentrations larger than 5 mol%. As for the systems studied the guest
concentration is above 5 mol %, (viz. 9 mol %), a Förster-type diffusion process with a Förster
radius equal to 2.7 nm (as determined in Chapter 3) is included. As the triplet exciton
confinement energy is > 0.2 eV host-mediated diffusion is not included.
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6.4.1

Simulation of the field-induced dissociation experiments

In the kMC simulations of the effect of field-induced dissociation, for which the experimental
results were shown in Figure 6.5(a), we used the previously obtained hole transport
parameters for m-MTDATA given in Section 6.2.2. When an exciton dissociates, the hole
will transfer to the m-MTDATA. The electron however will be trapped on the Ir(ppy) 3(acac)
molecule, resulting in the formation of a charge transfer (CT) state. Due to Coulomb
interaction, the hole is limited in its movement away from the electron. After some time the
exciton can be formed again on the Ir(ppy)2(acac). Therefore, an enhancement of the lifetime
is expected, similar to the lifetime enhancement observed in the TTA experiments in Chapter
4 and 5 due to deconfinement of the triplet exciton from the guest to the host. By increasing
the field over the device the energy difference between the bound and dissociated state
decreases, resulting in a further enhancement of the lifetime. However, increasing the applied
field also increases the rate of complete dissociation of the electron and hole. Whether the
effective lifetime decreases or is enhanced depends therefore on the balance between the rates
of exciton dissociation, (re)generation and complete dissociation. Within the simulations, the
rate of exciton dissociation between sites i and j is given by
 Edis,ij  Edis,ij
 2 Rij 
rdis (i, j )   1,i 1, j exp  
 exp  

2kBT
  



,



(6.5)

with (ν1,i ν1,j)1/2 the geometric mean of the nearest-neighbor hopping attempt rates for a hole
on sites i and j, Rij the intersite distance, the wavefunction decay length λ (taken equal to
0.3 nm) and ΔEdis,ij = Ej − Ei + Eb – Eb,CT the energy difference between site i and j were Eb
is the local exciton binding energy, kB the Boltzmann constant, T the temperature and the
binding energy of the charge transfer exciton with an electron on site i and a hole on site j is
given by
Eb,CT 

e2
.
4 0 r Ri,j
1

(6.6)

Here, ε0 is the vacuum dielectric permittivity, e the elementary charge and εr = 3 is the relative
dielectric constant assumed in the simulations. The value of Eb for Ir(ppy)2(acac) is not well
known. We therefore treat it as a free parameter to be determined from a fit to the
experimental results.
In Figure 6.7 a comparison is shown between the normalized PL efficiency and the
effective lifetime determined from kMC simulations results and the experiments. With
decreasing triplet exciton binding energy the kMC results show a more pronounced decrease
of the PL efficiency. When an exciton binding energy of 1.5 eV is assumed no dissociation
is observed in the studied voltage range. However the effective lifetime shows no voltage
dependence. Moreover, the lifetime is slightly enhanced when decreasing the exciton binding
energy.
Form the comparison with experimental results we find for an exciton binding that
is slightly larger than 1.0 eV the PL efficiency as well as the effective lifetime agree well
with the experimental results. It should be noted that the stability of the localized excitons
with respect to CT-state formation scales with the difference between the HOMO energy
levels of Ir(ppy)2(acac) and m-MTDATA. If the HOMO energy of Ir(ppy)2(acac) would
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actually be more negative than the value of -5.2 eV assumed in our simulations (see
Figure 6.1) by a difference ΔE, the value of Eb that would provide a best fit to the
experimental date would be ΔE larger than obtained above. We note that Yoshida et al. [16]
determined from a combined photoemission and inverse photoemission spectroscopy
measurement of the similar molecule Ir(ppy)3 an exciton binding energy of 1.03 eV, which
is comparable to the value that we have found for Ir(ppy) 2(acac).

Figure 6.7 The normalized PL efficiency (squares) and effective lifetime (spheres) as
function of the voltage as determined from kMC simulation results. For 3 different triplet
exciton binding energies 1.0 eV (black squares), 1.2 eV (red) and 1.5 eV (green). The results
are compared to the experimental values (open symbols).
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6.4.2

Simulation of the triplet polaron quenching experiment

In the simulations of the experiments an exciton binding energy equal to 1.0 eV is
taken into account, close to the slightly larger value that would provide a best fit to the fieldinduced dissociation experiments (see Section 6.4.1). TPQ is assumed to be a Förster-type
process, with a rate rTPQ given by
6

rTPQ

1  RF,TPQ 
 
 ,
 R 

(6.7)

with τ the exciton lifetime, RF,TPQ the Förster radius for this process and R the distance
between the donor and the acceptor.

Figure 6.8 The normalized PL efficiency (upper) and effective lifetime (lower) as function
of the current density as obtained from kMC simulations for the unipolar device shown in
Figure 6.1b. In the simulations an exciton binding energy of 1.0 eV is taken. The TPQ
process is assumed to be a Förster-type process, with RF,TPQ = 3 nm (black), 4 nm (red) and
5 nm (blue).
In Figure 6.8 the normalized PL efficiency and lifetime as they are determined from
the kMC simulations are shown. The analysis employs a refined version of equation (6.2).
We first determine from the simulation for a given J the local internal quantum efficiency,
ηIQE (J, x). The predicted normalized PLQY is then
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L

(J )

 (0)



in



( x)out ( x)IQE ( J , x)dx

(6.8)

0
L

in

( x)out ( x)IQE (0, x)dx

0

where the integration extends over the 50 nm thick host-guest layer. In the studied devices,
ηIQE (J, x) was found to not significantly dependent on the position. However, this has not
be the case for other OLED devices, and is in large part dependent on the stack design.
From the comparison with the experimental results (open symbols) we see that the
experimental data can be best described when assuming a Förster radius of 4 nm. A 4 nm
Förster radius will underestimate the PL efficiency loss but will overestimate the change in
the effective lifetime. It is expected that by slightly lowering the exciton binding energy the
fit to the experimental data can be further optimized.

6.5

Experimental determination of RF,TPQ

The Förster radius for TPQ can be experimentally be determined from the overlap of the
emission spectrum of the donor, Ir(ppy) 2(acac), and the absorption spectrum of singlepositively charged acceptor molecules m-MTDATA. Matsushima et al. [24] showed that the
absorption coefficient can be relatively easily measured when doping an organic film with a
dopant with a deep HOMO, for example molybdenum oxide ,MoO x, with a reported HOMO
energy in the range of -5.3 – -6.8 eV. Due to the lower ionization potential of MoOx, electron
transfer from m-MTDATA to MoOx will occur, resulting in the formation of an m-MTDATA
cation.
By coevaporation 50 nm films were fabricated with varying MoO x doping
concentrations. It is known that exposing the MoOx layers to air can affect the energy levels
[36,37]. Therefore, all samples are prepared in the glovebox and encapsulated under nitrogen
conditions.
For all films the absorbance was measured. The result are shown in Figure A6.3a
of the Appendix. The measured absorbance spectra are comparable to the spectrum measured
by Matsushima et al. [24]. In the spectra for the doped films two peaks are observed, one at
450 nm and one in the near infrared (NIR) at 1180 nm. When the mol ratio exceeds 1:1 the
ratio between the bleaching of the m-MTDATA absorbance (|ΔAI|) and the peak at 450 nm
goes down (|ΔAII|) as seen in Figure A6.3b. This is possibly due to the formation of bivalent
cations. Therefore, further analysis is done for the films with a mol ratio of 1:0.6 and 1:1.
From the bleaching of the m-MTDATA absorbance peak we are able to estimate the number
of formed cations. That allows us to determine the absorption coefficient spectrum of the
cations of m-MTDATA, shown in Figure 6.9.
From the overlap of the normalized emission spectrum of Ir(ppy)2(acac) with the
absolute absorption of the first cation peak the Förster radius can be determined using the
following equation [38]
4
9000 2 ln(10) PL  I D ( ) A ( ) d 
6
(6.9)
RF,TPQ

128 5 n 4 N A
 I D ( ) d 
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with κ2 is an orientation factor, which equals 2/3 for an isotropic sample, ηPL = 0.94 is the PL
efficiency [39], n = 1.7 the refractive index of the medium, NA the Avogadro constant, ID(λ)
the emission spectrum of the donor and εA the molar absorption coefficient of the acceptor.
We find from the overlap in the region 450−550 nm a Förster radius of RF,TPQ = 3.1 ± 0.2 nm.
This is significantly smaller compared to the RF,TPQ that was found from the comparison with
kMC simulation results.

Figure 6.9 The absorption coefficient of the cation of m-MTDATA as determined from
m-MTDATA:MoOx doped films. The green curve shows the emission spectrum of a
m-MTDATA:Ir(ppy)2(acac) 9 mol% film. From the overlap of the emission and absorption
spectra the Förster radius for TPQ is determined.
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6.6

Summary and conclusion

In this chapter we studied the triplet-polaron quenching in unipolar devices with an EML
consisting of 9 mol % m-MTDATA:Ir(ppy)2(acac). This system was selected because of the
negligible effect of the presence of the guest on the charge transport, as the HOMO of mMTDATA is above the HOMO of Ir(ppy)2(acac). It was shown from current-voltage
measurements that, as expected, all charge transport goes over the m-MTDATA molecules.
The TPQ process was studied using a combination of electrical and PL experiments. The
observed decrease of the PL efficiency and the efficiency as deduced from the effective
exciton lifetime were found to be not equivalent. Furthermore, the kTPQ as deduced from the
lifetime was not equal for all current-densities.
To study whether this was due to field-induced exciton dissociation. Devices were
fabricated with a large built-in potential. By operating these devices in reverse bias the fieldinduced dissociation of excitons could be measured in the absence of polarons. The
experimental results indicated for triplet excitons a PL efficiency loss of 10% at the largest
field 1.6×108 V/m included in our study. However, no significant change in the lifetime was
observed. This observation is often attributed to the dissociation of the singlet excitons on
the host before transfer occurs to the guest molecules. However, we demonstrated using kMC
simulations that these results can be understood well by assuming full transfer of singlets to
the guest, followed by fast ISC leading to triplets, and then followed by either radiative decay,
dissociation to a CT state, regeneration or full charge separation. An exciton can dissociate
when the energy difference between the dissociated state and the bound state is small. Due
to the offset of the HOMO levels exciton dissociation is facilitated, resulting in the formation
of CT excitons. If none of the charge carriers move further away from each other, the exciton
can form again in time. This results in a lifetime enhancement. On the other hand, dissociation
without regeneration would lead to a reduced effective lifetime. As long as only a small part
of the excitons fully dissociate the lifetime enhancement effect will dominate. From the kMC
simulation results it was found that when an exciton binding energy of 1.0 eV was assumed
a good description of the experimental data can be obtained.
By including TPQ as a Förster-type process between a triplet exciton on the guest
and a hole on the m-MTDATA, a fair description of the experimental data was obtained when
using a 4 nm Förster radius for this process. The obtained value of the Förster radius was
compared to the Förster radius as determined from the overlap of the absorption of the
polaron and the emission profile of the exciton. This was done by doping m-MTDATA films
with MoOx. This resulted in a lower boundary for the Förster radius of RF,TPQ = 3.1 ± 0.2 nm
which is significantly smaller.
We conclude that it is necessary to describe TPQ in organic semiconductors in a
mechanistic manner. A rate equation approach can at best provide a phenomenological
description of specific measurement results. However, such a description has in general only
limited predictive value, as we demonstrated in Figure 6.6 when studying the current density
dependence over an extended range. In particular, a phenomenological approach does not
well capture the realistic complexity of the TPQ process, including, e.g., the effects of fieldinduced exciton dissociation.
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6.7

Appendix

Figure A6.1 shows the measurements of the current density-voltage characteristics for a
device with a 250 nm thick m-MTDATA layer at different temperatures. The symbols
indicate the kMC simulation results using the input values as reported in the main text.

Figure A6.1 Current density as a function of the voltage for a device with a 250 nm thick
m-MTDATA layer, measured at different temperatures. The symbols indicate the kMC
simulation results using the input parameters described in the main text.
Figure A6.2 show the average hole concentration for different voltage as
determined from kMC simulation results.
Figure A6.3 show the singlet spectra, normalized to the peak intensity of the
spectrum at zero applied bias. The spectra were measured for the device that was used to
study the field induced singlet dissociation, as discussed in the main text. The data were used
to determine the efficiency loss as function of the applied voltage. The singlet emission
spectra show that the peak emission is constant. However, the tail emission decreases.
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Figure A6.2 The average hole concentration in the studied devices at different biases as
function of the distance to the PEDOT:PSS as determine from kMC simulation results.

Figure A6.3 The measured PL spectra of m-MTDATA from the device operated at different
reverse biases.
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Figure A6.2 shows in the upper panel the absorption rate as function of the distance
to the PEDOT:PSS layer. The absorption rate is calculated for an excitation pulse with a
wavelength of 337 nm and an intensity of 1 W/m2. The optical constants are determined from
ellipsometry measurements. In the bottom panel the external quantum efficiency (EQE) is
shown assuming an internal quantum efficiency of η IQE = 0.94 [39]. Both curves are
calculated using the optical modeling tool SETFOS [34]. The EML is located in between the
dashed lines.

Figure A6.2 The upper panel gives the absorption rate under an excitation pulse with a
wavelength of 337 nm and an intensity of 1 W/m2, as a function of the distance to the
PEDOT:PSS. The bottom panel gives the EQE assuming an internal quantum efficiency of
ηIQE = 0.94.
In Figure A6.3a the measured absorbance spectra for the m-MTDATA films doped
with MoOx are shown. At 350 nm, bleaching of the absorbance of m-MTDATA (Ι) is
observed. With increasing doping concentration, the peaks at 450 nm (II) and 1180 nm (ΙII)
become more pronounced. In Figure A6.3b we plotted the absolute change in absorbance
|ΔA| for the three peaks shown in Figure A6.3a.
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Figure A6.3 (a) The absorbance spectra as measured for the m-MTDATA films doped with
MoOx. (b) The absolute change in the absorbance for the three peaks as function of the
doping.
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Chapter 7 Conclusions and
Outlook
Throughout this thesis we have shown how describing excitonic rates in a mechanistic
manner allows for disentangling of all relevant processes in the efficiency roll-off of OLEDs
that are based on phosphorescent host-guest systems. We have shown how these processes
can be quantified using photoluminescent experiments.
In this chapter we will first give a brief overview of the main conclusions. We will
subsequently discuss some open research questions and some results that were not previously
presented but can be used as first elements of future studies. We finally briefly summarize the
progress we made towards a mechanistic description of the exciton dynamics in
phosphorescent host-guest systems, and the relevance to predictive modelling.

Chapter 7

7.1

Main results and conclusions

In Chapter 3 we have shown using a previously proposed analysis method of time-resolved
photoluminescence (PL) that it is possible to disentangle the enhancing contributions to the
efficiency loss due to triplet-triplet annihilation (TTA) of guest-guest diffusion and the direct
TTA. The method was applied to a concentration series of the material system
TCTA:Ir(ppy)2(acac). We have shown that guest-guest diffusion starts to become important
above guest concentrations of 6 mol %. The guest-guest diffusion process is found to be
temperature dependent in contrast to the single-step TTA interaction. Using kinetic Monte
Carlo (kMC) simulations it was found that the guest-guest diffusion process could equally
well be described by using either a Dexter-type transfer rate when assuming a wavefunction
decay length close to λ = 0.3 nm and a Dexter prefactor kD,1 = 1.4×109 s-1 or a Förster-type
process assuming a RF,TT = 2.7 nm.
To study the effect of the host material on TTA, a wide range of material systems
was studied in Chapter 4, in total 22 systems. These were based on combinations of five Irbased emitter molecules and seven host molecules. For all five emitters, accurate values of
the Förster radius, RF,TT, that determine the rate of the direct TTA interaction rate between
two excitons on emitter molecules could be determined. These values vary from 3.4−3.8 nm.
The triplet confinement energy ET varied from about −0.1 to +0.8 eV. A significant
enhancement of the TTA-rate coefficient is observed for systems with a confinement energy
less than 0.2 eV. Furthermore, this enhancement is found to be thermally activated. For
systems with confinement energies < 0.1 eV, an increase of the effective lifetime, up to a
factor of 30−40, was observed from transient PL measurements. Both observations are
attributed to the escape of the exciton from the guest to the host resulting in deconfinement
of the triplet exciton. The efficiency loss due to TTA is enhanced by host-mediated diffusion,
effectively increasing the interaction radius. These experiments do not only sensitively probe
the TTA-induced efficiency loss as a function of the exciton confinement energy, but
potentially also the rate of host-mediated triplet diffusion.
In Chapter 5 we propose a new method to determine the triplet exciton diffusivity
over the host in material systems with a weak triplet confinement energy. The method works
when both the TTA rate and triplet exciton lifetime are significantly enhanced due to
deconfinement. The diffusion coefficient is determined by analyzing time-resolved PL
experiments using a simple analytic model that takes all contributions to the enhanced TTArate into account. The analytic method is validated with kMC simulation results. For TPBi,
TPD, NPB and α-NPD, which are frequently used host materials in emissive layers of organic
light-emitting diodes, the diffusion coefficient was determined. By combining these materials
with chemically different emitter molecules we show that the method is consistent. For TPBi
and TPD the exciton diffusion coefficient is in the range (12 – 52) × 10-12 m2s-1, while for αNPD and NPB the diffusion coefficient is found to be one order of magnitude larger. We
relate this disparity to the different locations of the triplet exciton density on the molecules:
for TPD and TPBi the triplet density is mainly located on the central part of the molecule,
whereas for α-NPD and NPB it is located on the exterior parts. When the exciton is located
on the exterior parts, intermolecular triplet wavefunction overlap is most likely stronger,
resulting in a larger intermolecular transfer rate and a larger exciton diffusion coefficient.
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In Chapter 6 we studied triplet-polaron quenching (TPQ) and field-induced exciton
dissociation in unipolar (hole-only) devices with an EML consisting of
m-MTDATA:Ir(ppy)2(acac) with a guest concentration of 9 mol%. The material system
m-MTDATA:Ir(ppy)2(acac) was selected, as the highest-occupied molecular orbital
(HOMO) of the host molecules is above (has a less negative ionization potential) the HOMO
of the guest molecules. Experimental charge transport studies combined with kMC
simulations were used to determine the position-dependent polaron density in the hole-only
devices. A combination of electrical and photoluminescence experiments was used to probe
the exciton loss processes. It was found that the PL efficiency loss and the loss in efficiency
as deduced from the decrease in lifetime are not equivalent. A rate equation approach at best
provides a phenomenological description of the measured results that provides some
didactical value. In particular, a phenomenological approach does not capture the realistic
complexity of the TPQ processes, including the effects of exciton dissociation. A mechanistic
description, on the other hand, is able to give a fair description of the experimental data as
all relevant processes are included. A fair description of all experimental data was obtained
when including in the analysis the effect of field-induced triplet exciton dissociation. Using
kMC simulations with a Förster radius close to 4 nm and a triplet exciton binding energy
close to 1.0 eV a fair description of the experimental data could be obtained for the full range
of current densities.

7.2

Outlook

In this section we discuss some partially open-ended results of our studies that were not
previously discussed in this thesis. Furthermore, we discuss possible directions for future
research. Finally, we discuss the progress we made towards a full mechanistic description of
excitonic processes in OLEDs and its relevance for predictive modelling.
7.2.1

Design rules to minimize TTA losses

In Chapters 3 and 4 we looked into the enhancement of TTA due to exciton diffusion. From
the obtained results it is possible to deduce design rules for minimizing TTA losses in hostguest systems. We can distinguish four different regimes for TTA enhancement. In
Figure 7.1 a schematic overview of the four regimes is depicted. If the guest concentration
is below 6 mol % and the confinement energy is above 0.2 eV no exciton diffusion will occur.
Therefore, TTA losses will not be enhanced. From the perspective of reducing the “roll-off”
due to TTA (if that is the dominant contribution for a particular system) one should make
sure to be in this regime. However from a device lifetime perspective a higher guest
concentration is often preferable. Furthermore, a large confinement is not ideal, because in
general a large confinement energy also implies a large fundamental energy gap, so that
electron and/or hole injection in the host material occurs only at a relatively high voltage,
giving rise to a reduction of the power efficiency. A reduction of the quantum-mechanical
coupling between triplet states on two adjacent guest molecules and between adjacent guest
and host molecules would allow for a higher guest concentration and a smaller confinement
energy, so that OLEDs could be further improved.
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In a recent study by Zhang et al. [1] the authors showed that they were able to
suppress the triplet exciton loss pathways in thermally activated delayed fluorescencesensitized OLEDs by minimizing the Dexter transfer rate between the TADF molecule and
the fluorescent dopants. This was achieved by increasing the intermolecular distance by
incorporating electronically inert terminal substituents in the molecular design of the
fluorescent dopants. This could, more generally, be an interesting research direction to further
improve the power efficiency of OLEDs by molecular design.

Figure 7.1 A schematic overview of the four different regimes (Ι- ΙV) of triplet-triplet
annihilation (TTA) enhancement in host-guest systems. In regime I the exciton confinement is
strong and guest-guest diffusion is weak, so that TTA losses are minimized. The star indicates
the ideal guest concentration and confinement energy for a device that is optimized for minimal
exciton losses due to TTA, where at the same time the confinement is not unnecessarily strong
and the guest concentration is not unnecessarily low.
In our studies we encountered one emitter material which seemed to lie outside the
trend observed in Chapter 3. The same materials were used by Heimel et al. [2] in a phosphorsensitized fluorescence approach for improving the operational lifetime of blue OLEDs. In
Figure 7.2a we show the chemical structure of the studied materials. Our colleagues at the
Technische Universität Dresden made host-guest systems of these materials in a guest
concentration series from 4 to 20 wt%. The confinement energy in these systems is 0.18 eV.
As described in Chapter 3, kTT,1 and kTT,2 were determined from transient PL measurements.
The results are shown in Figure 7.2b. From the figure it is clear that kTT,1 and kTT,2 do not
show any TTA enhancement due to guest-guest diffusion. We note that the lifetime that was
measured in the limit of zero fluence however, did decrease from 2.25 μs at 4 wt % to 1.95
μs at 20 wt %, which is attributed to concentration quenching. As this emitter molecule shows
no TTA enhancement up to 20 wt%, we conclude that surprisingly no Dexter transfer is
occurring. Dexter transfer is to a large part determined by the wavefunction overlap between
neighboring molecules. Therefore, we looked at the triplet wavefunction on the molecule.
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For the studied emitter molecule and for two reference molecules, Ir(DPBIC)3 and
Ir(ppy)2(acac), the charge densities in the triplet configuration are plotted in Figure 7.3, with
in red the hole and in blue the electron contribution. The triplet exciton transition density
distribution was generated using time-dependent DFT (TD-DFT) by X. de Vries. It seems
that in contrast to the triplet wavefunctions of Ir(ppy)2(acac) and Ir(DPBIC)3 the electron and
hole density on the blue emitter are spatially separated on different ligands of the emitter. For
exciton transfer both the hole and electron part of wavefunction need to transfer to a
neighboring molecule. Due to the spatially separated wavefunctions a large overlap is
unlikely. That might explain the absence of diffusion in the system.

Figure 7.2 (a) The chemical structure of the studied molecules in MOSTOPHOS. (b)
Dependence on the guest concentration of the rate coefficient kTT,1 and kTT,2 for the studied
system. The dashed lines are a guide-to-the-eye.
If the spatial separation of the electron and hole orbitals in the triplet configuration
is thus affecting the Dexter transfer rate, it would be interesting to see whether by molecular
design Dexter transfer can also be minimized for the other molecules. For example by
applying the design strategies that are used for TADF emitters, where the singlet-triplet gap
is tuned by spatially separating the HOMO and LUMO, to Ir emitters. Thereby one could
prevent TTA-enhancement due to exciton diffusion.

133

Chapter 7

Figure 7.3 Time-dependent DFT (TD-DFT) generated triplet exciton charge density
distributions for the MOSTOPHOS emitter, Ir(DPBIC)3 and Ir(ppy)3, with in red the electron
and in blue the hole contributions to the triplet wavefunctions.

7.2.2

Triplet-polaron quenching

In Chapter 6 we studied triplet-polaron quenching (TPQ) in unipolar devices with an EML
consisting of m-MTDATA:Ir(ppy)2(acac). We showed that field-induced exciton
dissociation can influence the observed TPQ rate. Due to the energy gap between the HOMOs
of Ir(ppy)2(acac) and m-MTDATA, triplet dissociation occurs already at small field
strengths. However, in typical OLED stack design both the HOMO and LUMO of the guest
molecule are inside the HOMO−LUMO gap of the host. It would be interesting to see at
which field strengths exciton dissociation occurs in such devices, so that exciton loss due to
exciton dissociation is not wrongfully attributed to TPQ. Furthermore, it would be interesting
to study the variation in the singlet and triplet exciton binding energy in typical OLED
materials.
In Chapter 6, a comparison was made between the Förster radius for TPQ as
determined from kMC simulations and measurements of the spectral overlap. It was found
that the TPQ radius as estimated from the spectral overlap gave an underestimation of the
Föster radius needed to describe the exciton losses in the simulations. By studying a wide
range of material systems it would be interesting to see whether such an underestimation is
also found for other systems. That would make clear to what extent a measurement of the
spectral overlap can be used to screen materials for determining their suitability in devices.
It would also be interesting to further develop alternative methods for studying absorption
spectra of positively or negatively charge molecules. A more precise estimate of the
absorption coefficient of the m-MTDATA cation could possibly be made using chemical
doping in solutions [3].
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7.2.3

Mechanistic modelling

Throughout this thesis we have shown that describing all electronic and excitonic processes
occurring in organic-semiconductor materials in a mechanistic manner is a powerful tool for
analyzing and understanding experimental data. It has allowed us to disentangle and quantify
all relevant processes contributing to the efficiency roll-off in phosphorescent host-guest
systems: TTA, TPQ, the two final loss processes, and the various processes that modify the
role of these loss processes, such as exciton diffusion and field-induced exciton dissociation.
We have found that TTA and TPQ can be described mechanistically as a Förster-type
process. Förster radii for both processes have been determined for various material systems,
using kinetic Monte Carlo simulations to support the analysis of the experimental data.
Mechanistic OLED device modelling, using KMC simulations in which TTA and
TPQ are described as Förster processes with the material-specific rates that we have
determined in our work, makes it possible to obtain a better insight in the various
contributions to the efficiency roll-off. Previously, the roll-off was studied by investigating
a number of possible scenarios, viz. immediate nearest-neighbor type TTA and TPQ, or
Förster-type TTA and TPQ, or combinations of these scenarios (van Eersel et al. [4]). When
this scenario study was carried out, no information was yet available on the actual mechanism
of both processes. Furthermore, it was not known which values of the Förster-radii would be
realistic. As these uncertainties are no longer present for the materials studied, and as we
have shown in this work how the relevant parameters can be determined for other materials,
the work presented in this thesis shows a route that allows for better screening of materials,
and for more efficient OLED design. Our work has been most extensive for the case of TTA,
for which we have found from a study of eight phosphorescent emitters a range of values of
the Förster radius for TTA of 3.4  4 nm. For the case of TPQ, we have studied one specific
host-guest system, for which a value of the Förster radius of about 4 nm was found. The use
of these values in the scenario study presented in ref. [4] would lead to the conclusion that
the roll-off is predominantly due to TPQ. However, more studies of TPQ, for other types of
host-guest systems and other material combinations, are needed to ascertain this view.
Our results, and an extension to more systems, can in the future be used to provide
a valuable experimental benchmark for first-principles calculations of these processes. While
such calculations have recently been performed for exciton diffusion processes [5], almost
no work in this direction has so far been done on the development of a quantitative theory
describing the TTA and TPQ Förster rates.
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Summary
Experimental study of the exciton dynamics in organic light-emitting diodes – towards
a mechanistic description
In phosphorescent organic light-emitting diodes (OLEDs), the emissive organic
semiconductor layer (EML) usually contains a small concentration of emissive metal-organic
dye molecules, embedded in an organic semiconductor "host" material. The internal quantum
efficiency (IQE) of such OLEDs is determined by the probability that the triplet excitons
formed on the emissive metal-organic dye molecules will decay radiatively. When the charge
carriers and triplet excitons are well-confined to the EML, the main potential loss processes
are intrinsic non-radiative decay, concentration quenching, triplet-triplet annihilation (TTA)
and triplet-polaron quenching (TPQ). TTA and TPQ are due to bimolecular interactions, and
give rise to an efficiency roll-off at high brightness. In addition, TTA and TPQ can trigger
degradation events. The effective rate of both processes is enhanced by exciton diffusion.
The exciton dynamics in the EML results thus from a complex interplay of many processes.
In this thesis, we will show how from experimental studies a mechanistic description of the
exciton dynamics can be obtained, enabling disentangling the various contributions to the
efficiency roll-off.
In the first part of the thesis we show how to use a novel analysis method for
analyzing transient photoluminescence (PL) experiments that probe the rate of TTA
processes. Using this method it is possible to determine from one single sample whether the
TTA-loss mechanism is a single-step process or a multi-step process. As a first step, the
material system TCTA:Ir(ppy) 2(acac) is extensively studied. In this system, guest-guest
diffusion enhances the TTA-loss at guest concentrations larger than 6 mol%. Furthermore,
guest-guest diffusion is shown to be temperature dependent process, in contrast to the singlestep TTA interaction. By comparing the experimental results to kinetic Monte Carlo
simulations a quantitative and mechanistic microscopic picture of all processes involved is
obtained.
As a next step, we have applied this approach to in total 22 systems, based on a
combinations of five Ir-based emitter molecules and seven host molecules. It is found that
the TTA-rate does not only depend on the direct interaction rate between the excitons on the
guest molecules, but also on the difference in triplet energy, ΔET, of the host and guest
molecules: when ΔET is smaller than about 0.20 eV, diffusion of excitons via the host
molecules leads to a significant enhancement of the TTA-rate. By varying the guest
concentration and using kinetic Monte Carlo simulations, the roles of the direct interaction,
guest-mediated diffusion and host-mediated diffusion are disentangled.
For a selected subset, of 7 material systems with weak confinement energy, the
diffusion coefficient for host-diffusion is obtained by analyzing time-resolved
photoluminescence (PL) experiments using a simple analytical model that takes all
contributions to the enhanced TTA-rate into account. The model is validated using Kinetic
Monte Carlo simulations. We demonstrate the method by application to four materials that
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are frequently used as a host in the emissive layer of organic light-emitting diodes. By
combining these materials with chemically different emitter molecules, the consistency of
the method is shown. The observed strong material dependence of the diffusion coefficient
is explained qualitatively from the triplet exciton transition density distributions on the
molecules studied that are obtained from Density Functional Theory calculations.
In the second part of the thesis we develop and demonstrate a comprehensive
method for determining the TPQ (hole) rate coefficients in the EML of phosphorescent
OLEDs using steady-state and transient PL studies of hole-only devices. For this study, a
material systems is selected such that the highest-occupied molecular orbital (HOMO) of the
host molecules is above (less negative ionization potential) the HOMO of the guest
molecules. This allows us to use experimental charge transport studies combined with kMC
simulations to determine the position-dependent polaron density in the hole-only devices. A
combination of electrical and photoluminescence experiments was used to probe the exciton
loss processes. It was found that the PL efficiency loss and the loss in efficiency as deduced
from the decrease in lifetime are not equivalent. Using a rate equation approach to describe
the data at best provides a phenomenological description of the measured results that provides
some didactical value. In particular, a phenomenological approach does not capture the
realistic complexity of the TPQ processes, including the effects of exciton dissociation. A
mechanistic description, on the other hand, is able to give a fair description of the
experimental data as all relevant processes are included.
Throughout this thesis we have shown that mechanistic modelling is a powerful tool
for analyzing and understanding experimental results. It has allowed us to quantify all
relevant processes to the efficiency roll-off in OLEDs. The work in this thesis can be used
for benchmarking first-principle calculations of these processes. Furthermore it can be used
to improve future predictive modeling tools.

138

Samenvatting

Samenvatting
Experimentele studie van de excitonische processen in organische licht-emitterende
diodes – Op weg naar een mechanistische beschrijving
Organische halfgeleiders worden organisch genoemd omdat deze halfgeleidermaterialen
bestaan uit moleculen die voornamelijk zijn opgebouwd uit waterstof- en koolstofatomen.
Zulke moleculen zijn de voornaamste bouwblokken zijn van het leven op aarde. Organische
halfgeleiders zijn interessant voor allerlei applicaties in elektronica aangezien de dunne films
flexibel, licht van gewicht en transparant kunnen zijn. Een voorbeeld van een technologie die
gebruik maakt van organische halfgeleiders zijn organisch licht-emitterende diodes
(OLEDs). In de afgelopen jaren is OLED-technologie succesvol geïntroduceerd in de
commerciële markt in de vorm van schermen van TVs en van draagbare elektronica zoals
telefoons. OLED-technologie wordt echter nog weinig gebruikt in algemene verlichting,
buitenverlichting en autoverlichting. Dit komt doordat de efficiëntie significant vermindert
wanneer de uitgezonden lichtintensiteit toeneemt. Daarnaast is de levensduur van blauwe
OLEDs (die nodig zijn om wit licht te maken) nog problematisch. Beide processen zijn
gerelateerd aan de excitonische processen in OLEDs.
Excitonen zijn de deeltjes die gevormd worden in OLEDs wanneer een positieve en
een negatieve lading elkaar tegenkomen. Zij zijn verantwoordelijk voor de uitzending van
het licht. Deze deeltjes bestaan over het algemeen 1 miljoenste seconde. In deze tijd kunnen
excitonen verscheidene processen ondergaan. Zo kunnen ze zich verspreiden door de OLED
en op hun pad een ander exciton tegenkomen waarbij er één exciton verloren gaat. Dat wordt
exciton-exciton annihilatie genoemd. Of ze kunnen een positieve of negatieve ladingsdrager
(genaamd een polaron) tegenkomen, Daarbij gaat het exciton verloren. Dat wordt excitonpolaron uitdoving genoemd. Als er een hoge elektrische spanning over de OLED staat kunnen
excitonen zich ook weer opsplitsen in een positieve en een negatieve ladingsdrager. Dat
proces wordt veld-geïnduceerde dissociatie genoemd. In dit proefschrift is onderzocht hoe
belangrijk deze processen zijn en hoe we dit kunnen beschrijven op een mechanistische
manier met behulp van computersimulaties. Een mechanistische beschrijving betekent dat
alle processen die kunnen plaatsvinden worden beschreven met fysische processen en niet op
een fenomenologische manier. Alleen door alle processen op een mechanistische manier te
beschrijven kunnen we simulatiesoftware ontwikkelen die kan voorspellen wat er gebeurt in
een OLED, wat kan helpen in het verder verbeteren van OLEDs.
In hoofdstuk drie hebben we gebruik gemaakt van tijdsopgeloste fotoluminescentieexperimenten. Dat zijn optische experimenten waarbij een materiaal met een korte lichtflits
wordt belicht. Een deel van het licht wordt geabsorbeerd, en later weer opnieuw uitgezonden.
Dat geëmitteerde licht wordt gemeten en geanalyseerd. Door gebruik te maken van een
nieuwe analysemethode is het mogelijk om al vanuit één enkele proef te bepalen of excitonexciton annihilatie een één-staps proces is of dat er ook excitondiffusie plaats vindt. Dit is
bekeken voor materiaalsystemen die bestaan uit het molecuul TCTA, gedoteerd met
verschillende concentraties van het emitterende molecuul Ir(ppy) 2(acac). Uit deze
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experimenten kon worden geconcludeerd dat diffusie van excitonen kan plaatsvinden tussen
de emitterende Ir(ppy)2(acac) moleculen indien de concentratie van deze moleculen groter
dan 6 molprocent is. Door deze experimenten bij verschillende temperaturen uit te voeren
kon geconcludeerd worden dat het diffusieproces wel maar dat het annihilatieproces niet
temperatuurafhankelijk is. Door de experimenten te simuleren in de computer met de
kinetische Monte Carlo methode kon een kwantitatief microscopisch beeld worden gevormd
van de betrokken processen.
In hoofdstuk vier wordt specifiek gekeken naar de rol van de matrixmoleculen in
OLEDs. Om dit te doen zijn materiaalsystemen bestudeerd met verscheidene
matrixmoleculen en verscheidene emitterende moleculen. Wij vonden dat exciton-exciton
annihilatie niet alleen afhankelijk is van de direct annihilatiestap tussen de excitonen maar
ook afhankelijk is van het verschil in energie die de excitonen hebben op de emitterende
moleculen en de matrixmoleculen. De excitonen zullen zich over de matrixmoleculen gaan
verspreiden indien dat energieverschil kleiner is dan 0.2 eV. Daardoor zullen dan meer
excitonen verloren gaan. Door gebruik te maken van simulaties konden alle relevante
processen ontrafeld worden.
In hoofdstuk vijf is onderzocht hoe de excitonen zich verspreiden ("diffunderen")
over het matrixmateriaal, door specifieke materiaalsystemen te kiezen waarin de excitonen
zich niet altijd op de emitterende moleculen zullen bevinden maar een deel van de tijd op de
matrix. Hierdoor leven de excitonen langer. Door te meten hoe lang de excitonen leven en
hoeveel er uiteindelijk toch verloren zijn gegaan kon met behulp van een analytisch model
worden bepaald hoe snel deze excitonen zich verspreiden door het materiaal. Het analytische
model is getoetst aan de resultaten van computersimulaties. Hiermee kon worden aangetoond
dat de snelheid van de verspreiding van de excitonen afhankelijk is van het materiaal. Door
gebruik te maken van computersimulaties die voorspellen waar het exciton zich precies op
het molecuul bevindt, kon kwalitatief worden beredeneerd waarom excitonen zich door het
ene materiaal sneller verspreiden dan door het andere.
In hoofdstuk zes wordt exciton-polaron uitdoving en veld-geïnduceerde dissociatie
mechanistisch beschreven. Hiervoor zijn unipolaire systemen gemaakt. Dat zijn systemen
waarin slechts één soort ladingsdragers bijdraagt aan de elektrische stroom, in dit geval
positieve ladingsdragers. Door een combinatie van een elektrisch en optisch experiment te
doen kan worden bepaald hoeveel excitonen verloren gaan als polaronen door het systeem
gaan lopen. Het verlies van excitonen kan op twee manieren worden bepaald: door het
bepalen van de levensduur van de excitonen en door het bepalen van de totale hoeveelheid
uitgezonden licht. Er werd gevonden dat standaardmethoden voor het analyseren van deze
twee verschillende metingen niet altijd tot hetzelfde resultaat leiden, aangezien veldgeïnduceerde dissociatie een rol kan spelen. Wij hebben de resultaten geanalyseerd met
behulp van kinetische Monte Carlo simulaties waarin dat effect ook is meegenomen. Zo kon
worden aangetoond dat de fenomenologische beschrijving die veelvuldig gebruikt wordt in
het vakgebied in dit geval onjuist is en niet in staat is om de experimenten te beschrijven.
Door de processen op een mechanistische manier te beschrijven kunnen de resultaten met
behulp van computersimulaties worden begrepen.
Het op een mechanistische manier beschrijven van de excitonische processen is in
dit proefschrift een sterk middel gebleken om experimenten te analyseren en te begrijpen.
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Hierdoor konden alle processen die bijdragen aan de afname van de efficiëntie naarmate de
lichtintensiteit toeneemt worden ontrafeld en worden gekwantificeerd. De behaalde
resultaten kunnen in de toekomst worden gebruikt om theoretische beschrijvingen van deze
processen te toetsen. Daarnaast kunnen de behaalde resultaten gebruikt worden om
computersimulaties van OLEDs te verbeteren. Dat kan leiden tot een verbetering van de
prestaties van OLEDs en een mogelijk gebruik van OLED-technologie in andere
toepassingen.
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