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1

INTRODUCTION

Organic light-emitting diodes (OLEDs) are the commercially most successful example of organic electronics today, with a significant fraction
of the high-end smartphone displays being based on OLED technology.
Also OLED products for signage and lighting have reached the market
in the past years. It was, however, not always evident that OLEDs would
be a breakthrough technology. The success of OLEDs was made possible,
firstly, due to an extensive body of research focusing on device physics
and the design of new device architectures and materials.
In this chapter, we will introduce the field of organic electronics and
organic light-emitting diodes, explain the concepts necessary for a basic
understanding of OLED device physics, sketch the context of the work
presented in this thesis and define the scope of the thesis as presented
in the following chapters.
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1.1

organic electronics

In the past five years, organic electronic devices have had a successful
introduction to the market in the form of organic light-emitting diodes
(OLEDs), with a over one third of the revenue of mobile phone screens
coming from OLED displays in 2014. [1] Nowadays, OLEDs are also commercially available in the form of signage and light-emitting tiles. For
other fields of organic electronics, such as organic photovoltaics (OPV),
(light-emitting) organic field-effect transistors, and organic lasers, market introduction is still in an earlier state and most research focuses on
realizing and improving lab-scale prototypes.
What all these devices have in common, is that the active layer is based
on organic materials, i.e. materials that consist of molecules mainly based
on carbon and hydrogen atoms. Life as we know it is based on organic
molecules, hence the adjective “organic”. However, also materials that
we do not immediately associate with life, such as polymers (plastics),
are also a member of this class of organic compounds. A subclass of
organic materials – both small molecules and polymers – exhibit semiconducting and conducting properties.
Already in the 1950s and 1960s, [2,3] organic materials were found with
good electrical properties. Also electroluminescence was already observed
in organic materials quickly after. [4] Research into the field of organic
electronics has continued thereafter. For their pioneering work on conductive polymers, the Nobel prize in Chemistry was awarded to Alan J.
Heeger, Alan G. MacDiarmiid, and Hideki Shirakawa in 2000. [5]
Most of these (semi)conducting organic compounds have in common
that their molecular structure contains a conjugated substructure. This
substructure consists of mainly carbon atoms with alternating single
and double bonds. This pattern results in an overlap of the π-orbitals
and allows for delocalization of the π-electrons over a large part of the
molecule, hence facilitating conduction. Figure 1.1 shows the molecular structure of several compounds used in modern OLEDs, which are
based on small molecules. The upper two molecules are used for charge
transport, the lower two for light emission. The alternating single and
double bonds are clearly visible.
The energy levels of these molecules (Figure 1.2) show a gap between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The energy difference between these levels is defined as the gap energy, Eg . An electron in the HOMO can be excited,
for example by absorption of a photon, to the LUMO of the molecules,
leaving behind a hole in the HOMO. Both holes and electrons can be exchanged with neighboring molecules, giving rise to an electrical current
if an external voltage is applied.

1.1 organic electronics

Figure 1.1: Some typical molecules used in small-molecule OLEDs: 4,4′ -bis[N(1-naphthyl)-N-phenyl-amino]biphenyl (α-NPD) is a holeconductor,
4,4′ -bis[9-carbazolyl]-2,2′ -biphenyl (CBP) is a matrix material, platinum octaethylporphyrin (PtOEP) is a phosphorent red dye, and
tris[2-phenylpyridine]iridium (Ir(ppy)3 ) is a phosphorescent green
dye.
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Figure 1.2: (left) The energy levels corresponding to the different orbitals of a
single molecule. Each arrow indicates an electron with its spin (spin
up or spin down). The HOMO is the highest occupied molecular orbital, the LUMO the lowest unoccupied molecular orbital. The other
energy levels shown are labeled relative to these energy levels. The
energy difference between the HOMO and the LUMO is the gap energy, Eg . (middle) Charge transport through the disordered energy
landscape characteristic of most organic materials. The arrows indicate the transfer of an electron to a neighboring molecule (a “hop”).
Electrons move opposite to the electric field. (right) A simplified picture where the charge transport is expressed in terms of electrons
and holes, with a hole being the absence of an electron.

1.2 organic light-emitting diodes

In many devices, the materials are sandwiched between electrodes.
Charges, both holes and electrons, can be injected in the material. Charges will hop from molecule to molecule, both due to diffusion and
due to drift under an electric field. Due to the Coulomb interaction between holes and electrons, it is likely that they will end up on the same
molecule. This electron-hole pair is called exciton. The exciton binding energy is the difference in energy between the excited molecule and having
the electron and hole on different molecules infinitely far away. Depending on the combination of the spin of the electron and hole, two types
of excitons can be formed. In a singlet exciton, the spins have opposite
directions. These excitons can recombine radiatively and give rise to the
emission of a photon. This is the light-emitting process in OLEDs. For the
other combinations of spins, a triplet exciton is formed. Radiative recombination is a spin-forbidden process for triplet excitons, so they will, in
general, not give rise to light emission.
Materials based on organic molecules offer a number of unique advantages. Some organic materials, in particular polymers, can be processed from solution, allowing for printing, even on flexible substrates.
Furthermore, organic molecules can be tuned relatively easily, allowing
for a wide range of properties. This makes organic electronics interesting for a broad range of applications. We already discussed the use of
OLEDs in displays, signage and lighting. OPV is interesting for flexible
solar cells, [6] indoor solar cells, [7] and photodetectors for biomedical applications. [8] Organic field-effect transistors are used as pixel switches
in printable electronics, such as electronic paper. [9,10] While all of these
devices are interesting to study in their own right, we will focus on
OLEDs in this thesis, in particular on the device physics of small-molecule OLEDs.
1.2 organic light-emitting diodes
As discussed in the previous section, organic light-emitting diodes have
already found wide-spread adoption in the display market, in particular
as displays for smartphones, tablets, and smartwatches. While at a much
earlier stage, also OLED televisions, OLED signage, and OLED lighting
have found their way to the market. Figure 1.3 shows some OLED products that are nowadays commercially available.
Next to a wider color gamut and an excellent contrast ratio compared
to traditional display technologies such as liquid crystal displays (LCD),
OLED pixels only consume energy when switched on, giving rise to
lower energy consumption. Furthermore, they can be produced on flexible substrates, allowing for curved screens (Figure 1.3). It is expected
that also transparency in the off state will give rise to new innovative
applications, for example in heads-up displays. [11]
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Figure 1.3: Some examples of applications for OLEDs: as display, for signage,
and for lighting. The displays in the Apple Watch and the Samsung
Galaxy Note Edge are both based on active matrix OLED displays
(AMOLED). Note the curved screen on the Samsung Galaxy Note
Edge. The ETAP emergency exit sign is based on a Philips Lumiblade. The Lumiblade can also be used separately for lighting.

1.2 organic light-emitting diodes

There are two main classes of OLEDs, based on the types of molecules
they are based on. Polymer OLEDs or polyLEDs are based on polymers.
Polymers allow for easy processing from solution, for example spincoating, doctor blading, and inkjet printing. However, the solution processing makes it difficult to produce stacks consisting of many layers,
since each new processing step would need a solvent that leaves the
previous layer intact. Small molecule OLEDs, on the other hand, are usually produced using high vacuum methods such as thermal evaporation or organic vapor phase deposition. While these processes are much
more expensive than methods based on solution processing, especially
for large areas, they do allow for the production of complex multilayer
stacks and the use of phosphorescent dyes. Most commercial OLEDs, as
well as the OLEDs studied in this thesis, are based on small molecules.
1.2.1

A short history

The first OLED device was made at Kodak by Tang and VanSlyke. [12]
They developed an organic small molecule bilayer structure that emitted light. Soon thereafter, also the fabrication of the first green polymer
OLED based on poly(p-phenylene vinylene) was announced. [13]
In these first generation OLEDs, light was produced by fluorescence, i.e.
only singlet excitons emitted. Since from quantum statistics singlets and
triplets are expected to be generated in a 1:3 ratio, the internal quantum
efficiency (IQE) was expected to be limited to 25%, and the external efficiency was even lower. Kondakov et al. [14] observed that this 25% was not
obeyed in all cases and showed that an interaction between two triplet
excitons could give rise to the formation of one singlet exciton (losing
the triplet excitons in the process) and subsequent delayed fluorescence.
While the concept of electroluminescence from phosphorescent emitter molecules is already older, [15] Baldo et al. [16] are usually credited
for the introduction of phosphorescent OLEDs. The presence of a heavy
metal in the emitting guest molecules gives rise to spin-orbit coupling.
This provides a radiative decay pathway for triplet excitons, thereby potentially increasing the IQE to 100%. [17] These second generation OLEDs
have found widespread applications, in particular for red and green.
However, OLEDs based on phosphorescent emitters tend to be much
more sensitive to degradation-inducing processes. For blue their stability
is often insufficient for commercial applications. Finding a stable phosphorescent blue emitter is currently one of the big challenges for material
suppliers. The successful use of phosphorescent small-molecule emitters
in combination with multilayer structures has led to the decline of popularity of the single-layer polymer-based OLEDs.
The relatively long lifetime of excitons in phosphorescent materials
does give rise to a larger contribution of quenching processes. In partic-
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ular, the efficiency of the OLEDs as function of the current density is observed to drop much more quickly than for fluorescent OLEDs. This has
sparked interest in developing materials with shorter exciton lifetimes,
while still harvesting both singlet and triplet excitons. The result is the
use of materials that show thermally activated delayed fluorescence (TADF).
In these third generation OLEDs, as introduced by Adachi et al., [18] the energy levels of singlet and triplet excitons are almost degenerate, allowing
triplet excitons to be converted to singlet excitons by thermal excitation.
Next to these main OLED generations, also mixtures of fluorescent,
phosphorescent, and TADF dyes have been used. In 2.5 generation OLEDs,
phosphorescent dyes are used as sensitizers (“triplet harvesting”) for fluorescent materials. [19] The triplet excitons on the phosphorescent dyes
will be transfered as singlet to the fluorescent dyes, where they will
quickly decay radiatively. In 3.5 generation OLEDs a similar approach is
followed, but now with a TADF dye as sensitizer. [20]
1.2.2 OLED device structure
The first OLEDs consisted of simple monolayers or bilayers of one material, sandwiched between two electrodes. Specialization of the materials
and the need for higher efficiencies have resulted in much complexer
stacks consisting of many layers, potentially consisting of many materials, each fulfilling its own function. Figure 1.4 shows a schematic energy
level diagram of a multilayer monochrome OLED stack.
Going from outside inwards, we first encounter the electrodes. The anode typically consists of indium tin oxide (ITO), a transparent conductor.
The cathode can consist of a wide variety of metals, depending on the
workfunction desired. For the devices studied in this thesis, a combination of lithium fluoride (LiF) and aluminum (Al) is used. Next to the
electrodes, we often encounter hole and electron injection layers (HIL
and EIL). These layers facilitate injection by bridging the gap between
the energy levels of the electrodes and of the transport layers. In stateof-the-art stacks, usually doped injection layers are used. [21] In these
layers, molecular doping is used to improve the charge transport properties, as well as facilitating injection by band bending. Electron and hole
transport layers (ETL, HTL) are introduced to create a spacer between
the emissive layer and the electrodes, which can quench excitons. They
usually exhibit good transport properties. The next layers are electron
and hole blocking layers (EBL/HBL). These layers confine the carriers to
the EML, so that each carrier that enters the EML will eventually take
part in exciton generation. A stack with good blocking layers will have
a recombination efficiency of 100%. Note that not only charge carriers
should be blocked by these layers, also the transfer of excitons to sites
outside of the EML should be prevented.

1.2 organic light-emitting diodes

Figure 1.4: A schematic energy level diagram of a multilayer monochrome
OLED stack. From left to right: the anode, the hole injection layer
(HIL), the hole transport layer (HTL), the electron blocking layer
(EBL), the emissive layer (EML), the hole blocking layer (HBL), the
electron transport layer (ETL), the electron injection layer (EIL), and
the cathode. The arrows indicate the path of electrons and holes.
Note that in this example the emissive layer consists of both a hole
and an electron transporting material (“mixed matrix”) with an adjustable concentration ratio, doped with dye molecules, of which the
energy levels are indicated by the dotted lines.
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Finally, in the middle of the device we have the emissive layer (EML).
Most EMLs consists of at least two materials: a transport material facilitating the transport of electrons and holes, and a dye material where
the light is generated. In the case of mixed matrix emissive layers, two instead of one transport material is used: one electron transporter and one
hole transporter. This has the advantage that the ratio of the materials
can be chosen such that an optimal balance between electron and hole
transport is achieved. Moreover, materials with a higher energy gap can
be used, so that the singlet and in particular the triplet energy levels do
not interfere with the light generation. In some cases two or more dyes
(“co-doping”) are used, for example by adding a sensitizer (e.g. 2.5 or 3.5
generation OLEDs, as discussed before). Also, to achieve a specific color
point, or even white generation, multiple dye molecules can be mixed in
the same EML.
For extending the width of the spectrum, in order to obtain white emission, the architecture explained above can be extended to include multiple EMLs, combined with exciton blocking layers if necessary. These
prevent conversion of blue excitons to (energetically lower) green excitons and green excitons to red excitons. An alternative approach is
the use of stacked OLEDs: multiple monochrome units can be stacked
on top of each other. Introducing a charge generation layer between the
stacks results in an ohmic serial connection between the units. [22] This
layer consists of a p-n junction of a p-doped layer and a n-doped layer. A
stacked OLED allows for efficient generation of different colors of light,
by reduction of the overvoltage (as discussed later). Units of the same
color can be stacked to generate more light at a lower current density
(but a higher voltage), potentially increasing the OLED lifetime.
1.2.3 Current challenges
Even though OLEDs are already widely available on the market, scientific, technological, and economic challenges remain. First of all, understanding and improving the efficiency and efficacy of OLEDs is still ongoing. Commercial applications like general lighting, automotive lighting, and television also poses strict requirements on the lifetime of the
devices. The color point of the OLED has to remain stable both during
operation and during the complete lifetime of the device. And finally,
the costs of OLEDs still prohibit their application as cheap light source
in widespread mass-market applications.
At low current densities, the OLED efficiency is determined by a number of factors, including the intrinsic radiative efficiency of the dye, ηrad ,
the recombination efficiency (i.e. the fraction of injected carriers that will
result in an exciton), ηrec , the percentage of excitons that will emit (up to
25% for fluorescent dyes, up to 100% for phosphorescent or TADF dyes),

1.2 organic light-emitting diodes

ηST , and the outcoupling efficiency, ηout . The total external quantum efficiency ηEQE can be written as
ηEQE = ηout × ηrad × ηST × ηrec .

(1.1)

This does not yet take into account the reduction in efficiency due to
additional quenching processes that can be present in an OLED, such as
exciton-exciton annihilation and exciton-polaron quenching. Since we focus
on phosphorescent OLEDs in this thesis, mainly triplet-triplet annihilation
(TTA) and triplet-polaron quenching (TPQ) will be of importance. The rates
of these quenching processes depend on the concentrations of charges
and excitons in the device, so their importance will grow with current
density and luminance level. The observed decrease in efficiency with an
increase of the operating current density is called the efficiency roll-off,
and will be one of the important topics in this thesis.
The OLED efficacy, i.e. the number of lumens we get per electrical
watt put into the device, is, next to the efficiency, also determined by
the overvoltage. There is a direct correlation between the energy gap of
materials, and the energy of the photons emitted. To generate light of
a specific wavelength λ, corresponding to a photon energy Eph = hc/λ,
with h Planck’s constant and c the speed of light, a voltage close to
V = hc/(λe) would be needed. Operating the device at higher voltages
to obtain a higher luminance results in an overvoltage, and the excess
energy will be converted into heat. This makes it challenging to design a
white device with the ultimate efficiency, since we need a combination of
photons with different energies. One solution is to use a stacked device,
as discussed above. It should be noted that the overvoltage will increase
with increasing current density, due to the increasing thermal dissipation
in the device, and that its precise value is also determined by the exciton
binding energy.
The introduction of multilayer device architectures with blocking layers has already maximized the recombination efficiency, at least at the
realistic operational voltage range. The introduction of phosphorescent
dyes and TADF materials have resulted in internal quantum efficiencies
(IQEs) of almost 100%. Current R&D efforts focus on improving the efficiency by reducing the number of quenching processes and improving
the outcoupling efficiency. The former can be achieved by improving
material design, optimizing the device architecture, and reducing the
operating current density by making use of stacking. [23] The latter can
be achieved by optimization of the optical microcavity, high refractive index substrates, scattering layers, and patterned outcoupling foils. [24] An
alternative route is by making use of the orientation of the dye molecules.
Some dye molecules will show a preferential orientation in a thin film,
e.g. due to their shape or dipole moment. If the transition dipole moment
of the dye is oriented predominantly parallel to the substrate, so that the
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internal emission is anisotropic and strongest in the direction perpendicular to the substrate, the efficiency can be significantly improved. [24,25]
Some efforts have focused on reducing the overvoltage and thereby improving the efficacy of OLEDs, for example by using mixed matrix materials in the EML as discussed above. An alternative approach is the
use of Förster transfer from exciplexes, thereby potentially eliminating
the loss in voltage due to the difference between matrix and dye energy
levels. [26]
The lifetime of an OLED is limited due to both intrinsic and extrinsic
causes. Most of the materials used in OLEDs, particularly the cathode,
will degrade fast if exposed to the atmosphere. Encapsulation is thus
of utmost importance for successful long-term applications. However,
the quality of the encapsulation has no direct relation with the device
physics. In this thesis, we will only consider intrinsic causes for degradation. OLEDs are known to become less efficient over time. Degradation
of the transport materials and the formation of trap states will decrease
the efficiency due to the creation of quenching centers, and will increase
the electrical resistance of the device over time. We will study a number
of these scenarios in this thesis.
The color point of an OLED containing dyes which emit at different
wavelengths is determined by a complex interplay of the charges, the
excitons and the materials used in the device, as well as the position
where the light is generated in the device. Some applications (e.g. automotive) have very strict requirements on the exact color point. For other
applications, a spread or shift of the color point can be aesthetically displeasing (e.g. a collection of white OLED tiles for lighting) or limit the
operational lifetime of a device (e.g. calibrated displays). The color of
an OLED can vary during the lifetime of the device due to degradation.
Also, it is sometimes desirable to dim the light intensity (e.g. for lighting applications), and the color point should remain within acceptable
parameters during dimming.1 In this thesis, we will study how we can
predict the color point and the sensitivity of the color point for OLEDs.
As a final challenge, the costs of OLEDs should be further reduced
to make them an interesting light source for a wider market. Some of
the materials used in small-molecule OLEDs and the large-scale high
vacuum equipment needed make the production of OLEDs relative expensive. We will not directly focus on strategies to bring down the costs
of OLEDs. However, one could argue that the models developed in this
thesis could significantly reduce the R&D costs for material and stack
development, as well as help in production optimization and reduction
of yield problems by studying and reducing the sensitivity to in-process
fluctuations.
1 Interestingly, a shift in color temperature can actually be desirable for specific applications such as mood lighting. [27]
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1.3 modeling oleds
It has been clear from the difficulties in the development of complex
multilayer OLEDs that modeling is key to optimize the device efficiency,
as well as for correctly interpreting the experiments used to characterize
the device physics. As proposed by Coehoorn and Bobbert, [28] the various approaches towards electrical OLED modeling can be divided into
several generations. Here, we will extend this view to include excitonic
models.
1.3.1

First generation models

The first generation models is based on a continuum description of the
current density; the disordered and discrete nature of the material is not
taken into account. This results in a description with a spatially uniform
current density. Examples of first generation models are drift-diffusion
models within which the charge carrier mobility, µ, is assumed to be
constant, or dependent on the electric field as given by the Poole-Frenkel
expression: [29]
[
√ ]
µ = µ0 exp γPF ( T ) F ,
(1.2)
with µ0 the mobility in the limit of zero field, γPF an empirical, temperature dependent factor, and F the electrical field. Note that there is no
carrier density dependence.
Also the rate equation approach towards the description of quenching
processes in OLEDs, as for example used by Forrest et al. [30] , can be
considered as a first generation approach. In such models, the change in
triplet density in the OLED, for example, is described as
dnT
J
1
n
=
− kTPQ nP nT − kTTA n2T − T ,
dt
ed
2
τ

(1.3)

with nT the triplet volume density, edJ the triplet generation rate, with
J the current density, e the elementary charge, and d the thickness of
the generation zone, kTPQ the triplet-polaron interaction coefficient, nP
the polaron volume density, kTTA the triplet-triplet interaction coefficient
(the 12 accounts for loosing one of the two triplets), and τ the lifetime
of the exciton. The advantage of these models is there simplicity and
didactic value. For realistic OLEDs, however, the roll-off can in general
not be described in terms of constant kTPQ and kTTA coefficients, as will
be shown for TTA in Chapter 6.
The uniform density model for describing roll-off and degradation, which
will be introduced in Chapter 9, can be regarded as a first generation
model as well.
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1.3.2 Second generation models
In second generation models, the material is described as an ensemble
of discrete points on a 3D lattice, typically a simple cubic lattice. Each
point represents a molecule of the material, and has unique properties.
This approach allows one to correctly describe the energetic disorder of
the material. Charge transport between the sites can be simulated by a
Monte Carlo or Master Equation approach. These methods reveal that
the actual current density is filamentary. [31] The advantage of a second
generation model is that new physics, e.g. quenching, is easily included.
A second generation approach to charge carrier transport was used by
Bässler already in the 1980s and early 1990s. [32,33]
These simulations can be rather time consuming and usage in a typical stack design process would require a supercomputer infrastructure.
It is possible to describe the system in a 1D model using mobility functions and excitonic rates derived from the 3D model. While this allows for faster simulation, this translation has to be repeated when new
physics is included and may not be feasible for more complex systems,
such as systems consisting of multiple matrix and dye materials in the
same layer. Examples of these derived models are the extended Gaussian
disorder model (EGDM) and the extended correlated disorder model
(ECDM). [34,35]
The model described in Chapter 3 and used throughout this thesis is
a second generation model.
1.3.3 Third generation models
In third generation models, molecules are no longer described as point
sites, but as full molecules with a certain size, orientation and position. This is a more realistic description of the actual morphology of
the material, and contains the full positional and orientational disorder.
One should also consider the change in structure of the molecule when
charged or excited, i.e. the reorganization. The outlook chapter (Chapter 10) contains some first steps towards a third generation model.
1.3.4 Optical modeling
Up till now, we have focused on the modeling of the charge and exciton dynamics of the OLED. It is also important to consider the outcoupling of the light from the device. The OLED stack on top of a reflective electrode can be described as an optical microcavity. The internal
reflection, absorption, and constructive and destructive interference can
be modeled well by an optical microcavity model, such as developed
by Neyts. [36] In high-performance OLEDs the outcoupling is often en-

1.3 modeling oleds

light
outcoupling

Purcell
e ect

optical microcavity model

this thesis

exciton
dynamics

dissociation

recombination
pro le

kinetic Monte Carlo

electrical
device response
kinetic Monte Carlo

hopping
probabilities
density functional theory

morphology
Molecular Dynamics,
Monte Carlo

molecular
structures
density functional theory

position dependent
rates for charge and
exciton transfer

positions,
transfer integrals

positions and
orientations of
molecules in lm
molecular
structure,
force elds

Figure 1.5: Chain of steps needed for an ab initio predictive OLED model. The
italic text indicates a possible method; the arrows indicate flow of
information. The dashed box indicates the parts of the chain this
thesis focuses on. There are two downward arrows. As explained in
the main text, the Purcell effect can affect the radiative decay rate of
excitons and dissociation can influence the carrier density.

hanced by adding scattering or outcoupling structures. To model the optical part in this case, the optical microcavity model should be coupled
to a ray-tracing solution.
We will not consider optical modeling in the main part of the thesis.
However, the Outlook (Chapter 10) describes how the model described
in Chapter 3 can be coupled to an optical model.
1.3.5

Towards a predictive OLED model

To come to a complete, predictive OLED model, electrical and optical
modeling of the OLED stack should be combined by input on the molecular properties and morphology from ab initio simulations. We present
here an adapted version of the full chain of steps as proposed by Van
Mensfoort [37] (Figure 1.5).
The first step is to determine the structure of the molecules that compose the materials of the OLED stack, and the interaction forces between
the molecules. This is used as input for the second step: determining the
morphology of the materials. This second step can be achieved by ab
initio methods where the production of the layers of the device is simu-
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lated, for example by a Monte Carlo or Molecular Dynamics simulation
of the deposition process. [38]
The third step is to determine the rates for all processes, in particular
for the hopping of carriers from molecule to molecule. This is done by
calculating the transfer integral for each pair of molecules in a sample
of the morphology, for example using density functional theory (DFT).
Since in practice it is not (yet) possible to determine the morphology
for a sample large enough to be representative for the complete device,
an alternative approach is needed. One can, for example, determine the
distribution of transfer integrals for the small sample and use statistical
methods [39] to generate a morphology and corresponding transfer integrals for the complete device. Also the rates of some of the excitonic processes can nowadays be predicted theoretically from DFT calculations,
in particular the radiative decay rate. However, the radiative decay rate
is, in practice, often determined experimentally. Theoretical approaches
for the other relevant excitonic processes are still under development.
In the fourth step, the morphology and transfer integrals are used as
input for full 3D device simulations. Based on these simulations, we can
predict the current density versus voltage characteristics of the device,
as well as the location of exciton generation. These simulations typically
use a Master Equation or Monte Carlo approach. For simple systems a
translation to 1D models is possible. [35,40]
The next step is to introduce excitonics in the model. After generation,
excitons can diffuse through the device, transfer to other materials and
decay radiatively or non-radiatively. Additionally, excitons can be lost
due to exciton-exciton and exciton-polaron interactions. Next to the positions of exciton generation, a description of exciton-polaron interactions
also needs the positions of the charge carriers as input. Furthermore, if
exciton dissociation also plays a role, the exciton dynamics can actually
influence the charge transport. Therefore, starting from Chapter 5, we
only consider simulations where both steps are combined (except for
Chapter 6, where charge transport does not play a role).
The final part is the outcoupling of light from the device, which can
be determined from the recombination profile, the optical constants of
the stack and optical simulation. Also here, there is a certain feedback
from this step to the previous step, namely the change in radiative decay
rate due to the Purcell effect. [41] This is not taken into account in the
simulations done in this thesis. We will discuss some of the implications
in the Outlook (Chapter 10).
The first three steps of the chain are outside our field of expertise,
but are provided by our collaborators in the MODEOLED project. [42]
Regarding the electrical device response, much progress was already
made in the PhD thesis studies of Pasveer, [40] Van Mensfoort, [37] Van
der Holst, [43] De Vries, [44] Cottaar, [45] Germs [46] , and Mesta. [47] The light-

1.4 scope of this thesis

outcoupling part was already studied by Van Mensfoort [37] and Carvelli. [48]
In this thesis, we will mainly focus on the exciton dynamics and its integration in charge transport models.
1.3.6

Aim of this thesis

It is the aim of this thesis to develop an integral mechanistic electrical
and excitonic OLED device model, which is based on experimental parameters, or on results of ab initio calculations. That is, a model based
on a mechanistic description of the physical processes, without any phenomenological fitting parameters. The model can be applied to improve
OLED stack design, test new architectures and provide design rules for
OLED materials, and will allow us to address the OLED challenges
sketched in this chapter. The approach we use is stepwise extending
our device model, performing simulations using a kinetic Monte Carlo
method and comparing the results with experimental data, where possible.
1.4 scope of this thesis
In order to develop a mechanistic OLED device model integrating both
electron and exciton dynamics, we take the following steps:
1. develop a method to simulate the exciton dynamics in OLEDs
2. integrate the charge and exciton dynamics into a unified model
3. develop a physical model for exciton quenching interactions
4. integrate this model into the unified model
5. validate this model using a complex, multilayer white OLED
6. extend the model to include degradation scenarios
While the last step is not directly necessary to understand the electrical and excitonic behavior of OLEDs, it is the logical next step. Many
degradation scenarios are linked to the interaction of charged and excited molecules and therefore to the charge and exciton dynamics of the
device. Extending the model to include degradation processes allows
further validation of the model by comparing degradation experiments
and may even predict the lifetime of devices for some scenarios.
Figure 1.6 shows the contents of this thesis and the steps made in a
schematic way, as well as the chapters where the steps are taken. The
arrows indicate that the progress that was made in the previous step
was necessary to complete the next step.
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Figure 1.6: Schematic illustration of the scope of this thesis. In the top part the
content of the chapters is shown. We first introduce the physical
processes and the implementation of the model in Chapter 2 and
3. In Chapters 4–9, we stepwise extend the model and apply it to
study a variety of systems. We conclude this thesis with conclusions
and an outlook in Chapter 10. The steps made in Chapters 4–9 are
shown in further detail at the bottom. Each box indicates a new
feature that is added to the model, and the arrows indicate that a
feature is needed to make the next step.

We will start in Chapter 2 with an overview of our current view on the
electronic and excitonic processes that play a role in the device physics of
organic electronics devices, and that are included in our model. The next
chapter (Chapter 3) shows how we have implemented these physics in a
full device model for a kinetic Monte Carlo simulation approach. This
simulation approach is used throughout the thesis. In the next chapters,
we start with a separate electronic and exciton transfer model, and stepby-step integrate the models and introduce more physics.
In Chapter 4 we model a hybrid (i.e. using both fluorescent and phosphorescent dyes) white multilayer OLED stack, as studied in the European project AEVIOM. [49] In these first simulations, electronic and excitonic processes are still studied as two separate steps, with only exciton
diffusion and transfer taken into account. We find that, already using
this approach, we get a reasonable prediction of the recombination profile throughout the stack. However, this approach does not allow us to
predict the efficiency roll-off. For that, we need a model that includes
electronic and excitonic processes simultaneously.
In Chapter 5 we make this step to a fully integrated electronic-excitonic
model for simple phosphorescent monochromatic devices and study
their efficiency roll-off. However, due to the lack of information available on the exact mechanism, we only consider loss processes that are
instantaneous and only occurring due to interactions between charges
and excitons on neighboring sites. We compare the simulation results
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for two prototypical stacks widely studied in the literature with experimental results, and develop design rules using idealized, but potential
realizable OLED stacks.
To better understand the mechanisms of the loss processes, we study
the effect of the range and rate on the effective quenching coefficients
for exciton-exciton annihilation. In Chapter 6 we study whether triplettriplet annihilation should be described as a single long-range step or a
short-range process after multiple diffusion steps, using transient photoluminescence experiments. We find that the often used rate equation
analysis methods are, in general, not sufficient to fully characterize the
process, and propose an alternative method that provides better insight
in the underlying parameters and the role of exciton diffusion.
Now that we have a better understanding of the mechanisms of longerrange quenching processes, we can extend the device model of Chapter 5
with more physical longer range processes for TPQ and TTA. In Chapter 7
we return to the prototypical green and red OLED stacks, as well as the
idealized devices, studied already in Chapter 5, and study the roll-off
and the composition of the roll-off for various scenarios of the TPQ and
TTA interaction ranges and rates.
In Chapter 8, we combine all of the above into a fully electronic-excitonic
simulation of the hybrid white layer stack studied in Chapter 4 to study
the efficiency roll-off and color point shifts of these devices. We find that,
while the experimental roll-off is well reproduced, additional steps are
needed to fully understand the observed color shifts.
As an illustration of exploring further possibilities of the model, we
have implemented a degradation mechanism linked to exciton-polaron
quenching in Chapter 9. Using this extended model, we have studied the
sensitivity of the roll-off and lifetime of OLEDs to materials parameters.
Finally, we discuss in Chapter 10 our conclusions on the progress towards a predictive OLED model and present an outlook on the potential applications of the device model developed in this thesis, future advances in the kinetic Monte Carlo simulation approach, and next steps
in OLED stack design.
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2

ELECTRONIC AND EXCITONIC PROCESSES IN
O R G A N I C M AT E R I A L S

In this chapter, we will give an overview of the electronic and excitonic
processes that play a role in the physics of optoelectronic organic devices
and OLEDs in particular. They are the key components of our OLED device model. For the simulations on which the thesis is based, we do not
use empirical descriptions based on rate equations for, e.g., the recombination or quenching processes. Instead, the simulations are based on
a mechanistic description of all relevant processes, so that the spatially
and time resolved modeling results provide a true and experimentally
verifiable picture of the functioning of OLEDs, and so that the model
provides the ultimate benchmark for more didactic, simplified views.
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OLED models based on an empirical description of the charge transport and the exciton dynamics have been around for more than 20 years. [1–15]
While these models can work well for simple devices and have been successfully used to interpret experimental data, they are too limited to
be applied to the complex OLED stacks of today. For those, we need a
model based on a mechanistic description of the processes that play a
role in OLED device physics.
In this chapter, we will first discuss empirical charge transport models
and their limitations, and introduce a mechanistic description of charge
transport. Next, we will discuss the empirical approaches to describe exciton dynamics, before introducing a mechanistic description of exciton
dynamics.
2.1

empirical charge transport models

Given a charge in a material and given an electric field, the charge will
move on average with a certain speed
v = µF,

(2.1)

with µ the charge carrier mobility and F the electric field. In practice, the
mobility will not be a constant, but will depend on the field, temperature,
and charge carrier density. [10–13,15] In early empirical models, the field
dependence of the mobility is often described using a Poole-Frenkel type
electric field dependence: [11,16]
√
µ( F, T ) = µ0 ( T ) exp(γ( T ) F ),
(2.2)
with µ0 ( T ) the mobility in the limit of zero field and γ the field activation
parameter. The temperature dependence was often argued to be well
described by [17]
(
)
∆
∗
µ0 ( T ) = µ0 exp −
, and
(2.3)
kB T
(
γ( T ) = β

1
1
−
kB T T0

)
,

(2.4)

with µ0∗ the mobility in the limit of zero field and infinite temperature,
∆ an effective activation energy, kB the Boltzmann constant, and β and
T0 two fit parameters. However, Van Mensfoort et al. found that this approach does not lead to a consistent description for varying layer thicknesses. [18]
Bässler showed that the field dependence of the mobility is well reproduced (albeit for a limited field range) by charge carrier transport model

2.1 empirical charge transport models

based on a Gaussian-shaped energy landscape, a model that became
known as the Gaussian Disorder Model (GDM). [19] It was later found
that sometimes a better agreement with experiment could be obtained
if also a spatial correlation between the energy levels was taken into
account, leading to the Correlated Disorder Model (CDM). [20,21] These
models also predict a temperature dependence of the mobility which
agrees well with experiment.
The early work on the GDM and CDM was performed in the limit
of small carrier density. However, it is known from organic field-effect
transistors that the mobility can also depend strongly on the carrier
density. [22] The Extended Gaussian Disorder Model [23] (EGDM) and Extended Correlated Disorder Model [24] (ECDM) take this dependence
into account.
From the work of Germs et al. and Mesta et al. [25–28] it has become
clear that the mobility not only depends on the field, temperature, and
charge carrier density, but also on the time (or frequency). The transient
response of the current in, e.g., impedance or dark injection measurements, depends in part on the process of charge carrier relaxation in the
energy landscape, i.e. a gradual decrease of the average carrier energy
after their introduction in a region of the device with no or only a few
carriers. This relaxation effect is not included in the EGDM and ECDM.
Finally, also a dependence of the mobility on the layer thickness should
be taken into account. Massé et al. found that the concept of mobility is
only well-defined for layers above a critical thickness and for devices
above a certain volume. [29] For smaller thicknesses and volumes, the
variation in current density through the layer from device to device is
larger than the average current density.
Even when taking all this into account, the models still only describe
unipolar (i.e. electron-only or hole-only) charge transport through a single material. The consideration of bipolar transport introduces additional
disorder [30] and requires a further refinement of the mobility function.
Moreover, modern OLEDs seldom consist of a single material. Most
stacks contain many layers, and the emissive layer (EML) can contain
several materials. There is no straightforward way to derive a mobility
function for an EML that consists of two transport materials and two
dyes. Apart from this, it is impractical to derive a separate mobility function for every EML.
While 1D models based on the concept of a mobility function can be
valuable for simple devices, material analysis, parameter extraction, and
didactic purposes, they are not sufficient for predictive modeling of modern, complex, multilayer OLEDs. For that, we need a 3D model based on
a mechanistic description of the electronic processes, as described in the
next sections.
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2.2

energy levels and the density of states

To come to a mechanistic description of the charge transport, we first
need a good description of the energy landscape. As introduced in Chapter 1, two specific energy levels play a role in charge transport, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Under the approximation of Koopmans’ theorem, [31]
the HOMO energy is equal to the ionization energy and the LUMO energy to electron affinity of the molecule. These energies are only welldefined for a single molecule, not for a complete disordered material. In
that case, one should rather speak of a distribution of energy levels, the
density of states (DOS), with a certain shape, mean energy, and standard
deviation of the energy distribution, σ. Whenever we refer to the energy
levels of materials, we actually refer to the mean energy of the DOS.
Note that, in some cases, there can be a spatial correlation between the
energy levels, for example due to electrical dipoles. [20]
There are two generally applied methods to determine the energy levels of materials: cyclic voltammetry (CV) and ultraviolet photoelectron spectroscopy (UPS) / inverse photoelectron spectroscopy (IPES). [32–37] Both methods have their limitations. CV is usually performed in solution, making
it uncertain whether the measured energy levels are comparable with
the energy levels in the solid state. UPS and IPES are generally considered to be surface sensitive measurements, i.e., the measured value of
the energy levels may not be representative for the energy levels in the
bulk of the material.
These methods, in practice, only provide a reference point (e.g. the
onset, as defined in a certain manner) of the DOS, not the full shape of
the DOS. While it has been attempted, for example by using scanning
probe techniques, [38] it has proven difficult to directly measure the shape
of the DOS. For the materials used in this thesis, the shape of the density
of states is usually considered to be a Gaussian with width (standard
deviation) σ:
)
(
Nt
E2
g( E) = √
exp − 2 ,
(2.5)
2σ
2πσ
with Nt the site density and E the energy relative to the mean energy.
Assuming a Gaussian DOS, σ can be indirectly determined from a series
of current-voltage measurements on unipolar devices for various temperatures and layer thicknesses, in combination with a charge transport
model such as the EGDM or ECDM. [23,24] Such a parameter extraction
method [39] can also provide the site density, Nt , as well as the mobility in
the limit of zero density, field, and infinite temperature, µ0∗ . This mobility
can be used to determine the hopping attempt frequency, as discussed
below.

2.3 charge carriers and charge carrier transport

For some materials, the presence of trap states has a significant influence on the charge transport. To describe the charge transport correctly,
it is then necessary to know the shape of the density of trap states in
addition to the Gaussian density of intrinsic transport states. Both Gaussian and exponential densities of trap states have considered in the literature. [40,41] In some of our studies, we have used an exponential density
of trap states:
(
)
Nt,trap
E
exp −
,
(2.6)
g( E) =
kB T0
kB T0
with Nt,trap the trap site density and T0 the average trap depth expressed
as a temperature. As with the intrinsic site density, the trap density of
states, as well as the trap depth, can be determined from charge transport measurements. [39]
2.3 charge carriers and charge carrier transport
Now that the concept of energy levels and the DOS are defined, we can
describe the charge transport in a mechanistic way. Band conduction, as
typical for classical crystalline semiconductor physics, cannot be used to
describe the charge transport in disordered organic materials. In these
materials, the charges are localized on (parts of the) molecules. The transport can be described by thermally-assisted tunneling or hopping, from
one localized site to the next. Characteristic for organic materials is the
sometimes important role of deformation of molecules upon charging,
the so-called reorganization. The charge in combination with this deformation can be described as a single quasiparticle, a polaron. We will use
the terms charge carrier, carrier, and polaron interchangeably.
There are different theories on the role of reorganization and the energy barrier for hopping for electrons and holes to a neighboring site.
If polaronic effects play a significant role, Marcus theory would be the
appropriate formalism, since it takes the reorganization into account explicitly. [11,42] It does, however, introduce an additional model parameter, the reorganization energy, that is not easily obtained from experiment. Therefore, we will use the Miller-Abrahams formalism in this thesis,
where only a barrier exists for hops upward in energy. Cottaar et al.
showed that neglecting the reorganization effect and instead using the
Miller-Abrahams formalism has no effect on the charge carrier density
dependence of the mobility. [43] They find, however, that the temperature
dependence is slightly different.
Within the Miller-Abrahams formalism the hopping rate is given by
(
)
(
)
2d
|∆E| + ∆E
rhop (i, j) = ν0 exp −
exp −
,
(2.7)
λ
2kB T
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with rhop (i, j) the hopping rate from site i to site j, ν0 the intrinsic hopping attempt frequency, the first exponent a distance dependent factor
with d the distance between the sites and λ the wavefunction decay
length, and the second exponent a Boltzmann factor involving the energy barrier ∆E = Ej − Ei , the energy difference for the carrier located
on site i or j. For the wavefunction decay length, typical values of 0.1–
0.3 nm are found from charge transport studies. [19,44,45]
For the case of charge transport in a Gaussian DOS with width σ,
the (intrinsic) hopping attempt frequency ν0 can be derived from the
mobility in the limit of zero charge carrier density, zero field and infinite
temperature, µ0∗ , using [18,24,46]
(
)
a2 ν0 exp − 2a
∗
λ e
µ0 ≡
,
(2.8)
σ
with a ≡ Nt−1/3 the average intersite distance for a system with a molecular site volume density Nt , and e the elementary charge. The value of
Nt and σ can be determined from experiments, as described above. In
practice, Nt often agrees well with the realistic hopping site density of
the material, as was found for copolymers with a variable concentration
of hole-transporting units, [47] and for the small-molecule materials of αNPD and BAlq. [18,48] The width of the DOS, σ, is typically in the order
of 0.10 eV. Note that the number of parameters used in this mechanistic
approach (ν0 , Nt , λ, and σ) is not larger than the number of parameters in the previously discussed empirical approach (µ0∗ , ∆, β, and T0 in
Eqs 2.3 and 2.4). The mechanistic approach has the clear advantage that
the parameters have a physical meaning.
2.4

empirical models for exciton dynamics

The generation of excitons is typically described using the Langevin formula: [16]
rrec =

e ( µe + µh )
ne nh ≡ γLangevin ne nh ,
εrε0

(2.9)

with µe and µh the electron and hole mobility, respectively, ε r the relative
permittivity, ε 0 the vacuum permittivity, ne and nh the electron and hole
density, respectively, and γLangevin the Langevin prefactor.
Since the Langevin formula was derived under the assumption of a
spatially homogeneous charge carrier distribution, it is not a priori clear
that a Langevin description of the recombination rate should work for
the disordered energy landscapes of organic semiconductors. Van der
Holst et al. found that at low fields, the Langevin formula can be accurate,
as long as “bipolar” mobilities are used. [30] In practice, this means that
the mobilities obtained from unipolar device studies, cannot be used to
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describe the recombination rate in an empirical way. Moreover, at higher
fields, the recombination rate was found to be no longer described well
by the Langevin formula.
The dissociation of excitons has been described by the Onsager-Braun
formalism, in which the dissociation rate is described as a function of
the initial separation distance, the exciton lifetime, the mobilities, the
temperature, and the field. [49,50] Koster et al. have extended this model
to include the positional disorder. [51]
The exciton dynamics are in an empirical model typically described
using a rate equation approach. The rate equation can contain both an
exciton generation and dissociation term, as well as a term to account for
the excitons that are lost due to radiative and non-radiative decay. On top
of that, additional exciton loss processes such as exciton-polaron quenching
and exciton-exciton annihilation (See Section 2.7) can be included. For the
case of phosphorescent OLEDs with an internal quantum efficiency of
100%, we can assume that all carriers will recombine and dissociation
can be neglected. Then, the change in triplet volume density, nT , over
time can be described by:
dnT
J
1
n
=
− kTPQ nP nT − kTTA n2T − T ,
dt
ed
2
τ

(2.10)

with edJ the triplet generation rate with J the current density and d the
thickness of the generation zone, kTPQ the triplet-polaron interaction coefficient, nP the polaron volume density, kTTA the triplet-triplet interaction coefficient (the 21 accounts for loosing one of the two triplets), and τ
the lifetime of the exciton.
Overall, what these models neglect, are the filamentarity of the current
density and the non-uniform distribution of the excitons and charge carriers over the EML. The accumulation of charge carriers at interfaces can
give rise to a strong variation of the charge and exciton volume densities throughout the EML. A mechanistic description of the excitonic
processes in a 3D model will take these effects properly into account.
We will describe such an approach in the next sections.
2.5 excitons, charge transfer states and photophysical
processes
The low permittivity of typical organic electronic materials gives rise to
electron-hole pairs (excitons) which are localized on the molecules. [52] In
this thesis we consider two processes that can give rise to excitons: electrical excitation and optical excitation. Electrical excitation can occur in
a device with both an electron and a hole current, when a carrier hops
to a molecule that is already occupied by a carrier of the opposite sign.
The subsequent emission due to radiative decay is called electrolumines-
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Figure 2.1: Jablonski diagram showing the energies of the different states and
photophysical processes of a molecule. The thick lines indicate the
electronic states, the thin lines the vibronic excitations of these states.
The straight arrows indicate radiative processes, the wobbly lines
non-radiative processes. The S0 , S1 , S2 , and other Sn states are part
of the singlet manifold, the T1 , T2 , and other Tn states are part of the
triplet manifold. Figure based on Ref. 31.

cence. Optical excitation occurs when light is absorbed by the material.
The subsequent emission is called photoluminescence.
The photophysical states and processes considered in this thesis are
shown schematically in Figure 2.1. Based on the spin statistics of the carriers, four possible excitons can be formed, one with a singlet character
and three with a triplet character. In the case of electrical excitation, this
will give rise to a 1:3 ratio of singlet and triplet excitons. In the case
of optical excitation only singlets will be formed, since the excitation
from the singlet ground state S0 to the T1 excited state is spin-forbidden.
Singlet excitons can fall back to the singlet ground state by emitting
a photon, a radiative decay process called fluorescence. For triplet excitons, this process is again spin-forbidden. However, heavy metal atoms
may be introduced into the molecule to induce spin-orbit coupling. This
mixes a small amount of singlet character into the triplet exciton states,
thereby allowing decay to the S0 state, so-called phosphorescence. We will
indicate materials where fluorescence is the dominant radiative process
as fluorescent materials, and materials where phosphorescence is the dominant radiative process as phosphorescent materials. Singlet excitons can be
converted to triplet excitons via intersystem crossing (ISC), and triplet excitons can be converted back to singlet excitons via reverse intersystem
crossing (rISC). In the case of phosphorescent emitters, the ISC of the
singlet exciton to the lower lying triplet state is usually faster than the
emission from the singlet state. [53,54] In this thesis, we will therefore often assume that this process is instantaneous, and only consider triplet
excitons in the case of phosphorescent dyes. If the singlet and triplet energy levels are close, in the order of kB T, the rISC rate, which is thermally
activated, can be relatively large, leading to thermally activated delayed fluorescence. [55]
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Figure 2.2: The three HOMO-LUMO correlation types. (left) Uncorrelated:
there is no correlation between the HOMO and LUMO levels. (middle) Correlated: a low energy state for a holes is also a low energy
state for electrons. (right) Anti-correlated: a low energy state for
holes is a high energy state for electrons, and vice versa.

Next to the radiative decay pathways, also non-radiative pathways
play a role in most materials. In this case, the excitation energy is lost
thermally. The ratio between radiative and non-radiative decay is usually expressed as the photoluminescence (PL) efficiency, ηPL and can be
linked to the effective lifetime of the exciton, τ, and the effective exciton
decay rate, Γ, via
ηPL =

Γr
Γr
τ −1
τ −1
=
= r−1 = −1 r −1 ,
Γ
Γr + Γnr
τ
τr + τnr

(2.11)

with τr and τnr the radiative and non-radiative lifetime of the exciton,
respectively, and Γr and Γnr the radiative and non-radiative decay rate,
respectively. Interestingly, the non-radiative decay rate tends to strongly
increase with a decreasing energy gap of the material (“energy gap
law”). [31,56–59]
determining the photophysical parameters The photophysical parameters of materials are typically determined via PL experiments.
By studying the PL efficiency ηPL , the ratio between radiative and nonradiative processes can be determined. To determine the rate of these
processes, the effective lifetime of the exciton τ must be determined from
a transient PL study. Combining these two measurements via Eq. (2.11)
results in the radiative and non-radiative decay rates, Γr and Γnr . Care
should be taken that these measurements are done in the low fluence
regime. Otherwise, quenching processes could also play a role, as will
be discussed below.
2.5.1

Exciton energies and the excitonic density of states

The energy levels of the excited states, ES and ET for singlet excitons
(S1 ) and triplet excitons (T1 ), respectively, are defined with respect to the
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ground state. The singlet energies are typically obtained from the energy
of the first peak of absorption and emission spectra, with the additional
peaks resulting from transitions to and from the other vibronic and electronic energy levels (see Figure 2.1). For non-phosphorescent materials,
triplet energy levels are more difficult to determine from experiment,
typically requiring spectra measured at low temperature. [52] The difference between the exciton energy and the free particle energy gap (i.e. the
energy gap of an electron in the LUMO and a hole in the HOMO in the
limit of infinite distance) is defined as the exciton binding energy, Eb,S and
Eb,T for singlets and triplets respectively, with values ranging between
0.4 eV and 1.0 eV according to Köhler et al. [60]
As for the electronic energy levels, the excitonic energy levels are only
well-defined for a single molecule. The width of the excitonic density of
states is strongly correlated to the HOMO and LUMO levels, and their
correlation (see Figure 2.2). If the HOMO and LUMO levels are uncorrelated, the expected width (standard deviation) of the excitonic density of
states, σex , is close to the square root of the sum of the squared√disorder

widths of the HOMO and LUMO DOS (σh and σe ), i.e. σex = σh2 + σe2 .
If the levels are correlated, the width of the excitonic density of states
is expected to be close to σex = σh + σe , while if the levels are anticorrelated the σex should be close to the difference of both widths, i.e.
σex = |σh − σe |.
2.5.2 Charge transfer states
Up till now, we assumed the electron and hole of the exciton to be on
the same molecule, but this does not have to be the case. In case the
electron and hole reside on neighboring molecules, a charge transfer (CT)
state can be formed. This state is lower in energy than the free carrier
state due to the Coulomb attraction between the electron and hole, but
typically higher in energy than the on-site excitonic state. Also for the
CT state a binding energy, Eb,CT , can be defined. This binding energy
will depend on the polarizability of the molecules and its surroundings,
as quantified by the permittivity of the material, ε.
2.6

energy transfer

An exciton can be transfered from a donor molecule to an acceptor
molecule via an energy transfer process. [31,52,61] Energy transfer plays a
role both in exciton diffusion between molecules of the same material, and
in exciton transfer between molecules of different materials, e.g. transfer
from host to guest molecules or from a green to a red dye. A trivial example of energy transfer is the emission of a photon from a donor molecule
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and the reabsorption at the acceptor molecule. While this process may
happen in an OLED stack, we will only consider non-radiative energy
transfer in this thesis. non-radiative energy transfer can take place via
two mechanisms: Förster resonant energy transfer [62] and Dexter transfer. [63]
2.6.1

Förster transfer

In case of Förster transfer a virtual photon is exchanged via a nonradiative dipole-dipole coupling. The rate of this process, rF , is given
by
( )6
−1 R F
rF = τ
,
(2.12)
R
with τ the intrinsic lifetime of the exciton (i.e. in absence of the acceptor),
RF the Förster radius, and R the distance between donor and acceptor.
The Förster radius is defined such that at the Förster radius, the Förster
transfer rate is equal to the sum of the radiative and non-radiative decay
rates. The Förster radius can be determined from the emission spectrum
of the donor and the absorption spectrum of the acceptor via [64]
R6F =

9000(ln 10)κ 2 ηPL J
,
128π 5 n4 NA

(2.13)

with κ a factor determined by the orientation of the transition dipole
moments, ηPL the PL efficiency of the donor in absence of the acceptor,
J the overlap between the spectra (see below), n the effective refractive
index of the embedding material, and NA the Avogadro constant. The
orientation factor κ is defined as [64]
κ = µ̂D · µ̂A − 3(µˆD · R̂)(µ̂A · R̂),

(2.14)

with µ̂D and µ̂A the normalized transition dipole moments of the donor
and acceptor, and R̂ the normalized displacement vector between donor
and acceptor. The spectral overlap J is given by [64]
∫

J=

f D (λ)ϵA (λ)λ4 dλ,

(2.15)

with f D (λ) the area-normalized emission spectrum of the donor at wavelength λ, and ϵA (λ) the (decadic) molar attenuation coefficient of the
acceptor in units of L mol−1 cm−1 as function of λ.
Note that Förster transfer is only possible for materials that have radiative decay, i.e., ηPL should be non-zero. This excludes Förster transfer
of triplet excitons for fluorescent materials. For phosphorescent materials the Förster transfer of triplet excitons does occur, albeit with smaller
Förster rate than for fluorescent dyes.
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determining the förster radius The most straightforward approach to determine the Förster radius is to measure both the emission
spectrum of the donor and the absorption spectrum of the acceptor. [65]
The Förster radius can then be determined from Eqs 2.15 and 2.13.
2.6.2 Dexter transfer
Contrary to Förster transfer, Dexter transfer is determined by the exchange of electrons. Since this requires an overlap of the wavefunctions
of both donor and acceptor molecule, Dexter transfer occurs on much
shorter length scales than Förster transfer. The rate for Dexter transfer,
rD , is determined by [66]
(
)
(
)
2π 2
2R
2R
rD =
K exp −
J = kD,0 exp −
,
(2.16)
h̄
λex
λex
h
the reduced Planck constant, K a constant in terms of energy,
with h̄ ≡ 2π
λex the wavefunction decay length for excitons, and J the spectral overlap
between donor and acceptor as defined in Eq. (2.15). Throughout this
thesis we will use a simplified version of the formula, with all factors
combined in kD,0 , the Dexter prefactor.
Note that, since Förster transfer of triplets is in general not allowed,
Dexter transfer will be the only contribution to triplet exciton transfer in
fluorescent materials.

determination of the dexter prefactor The Dexter prefactor
is much harder to determine than the Förster radius. For singlet excitons, and triplet excitons in phosphorescent materials, exciton diffusion
is considered to be dominated by Förster transfer. [67] For triplet excitons in fluorescent materials, Forrest et al. have measured the exciton
diffusion length by using phosphorescent sensitizers to determine the
presence of triplets. [68] However, there is no straightforward way to determine the Dexter prefactor, kD,0 , from the exciton diffusion length, at
least not without a suitable model. Moreover, the value of the wavefunction decay length of excitons, λex , is not known for most materials and
for triplet excitons a wide range of values have been suggested, [69–71]
further complicating the analysis.
2.7

exciton loss processes

Next to the intrinsic non-radiative decay pathway present in most materials, excitons can also be lost due to interactions with other excitons
or polarons. The rate of the interactions depends strongly on the exciton and carrier density. These densities increase with increasing current
density and cause a roll-off of the efficiency in OLEDs. [72] Both types of
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interactions can be mediated via a Förster as well as a Dexter mechanism.
We will discuss each process in more detail, and also shortly discuss the
effect of field-induced exciton dissociation.
2.7.1

Exciton-exciton annihilation

Exciton-exciton annihilation is the process where due to the interactions
of two excitons one or both of these excitons is lost. While, in principle, both singlet and triplet excitons can annihilate, literature on singletsinglet annihilation (SSA) and singlet-triplet annihilation (STA) is rather
scarce, and mainly focuses on organic laser applications [73,74] and the
occurrence of a peak in the luminescence after turn-on in fluorescent
OLEDs. [75–77] Given the lifetime of singlet excitons and the singlet density in fluorescent materials under typical operation conditions, and the
rapid intersystem crossing in phosphorescent materials, these interactions form only a small contribution to the overall efficiency loss. Triplettriplet annihilation (TTA), on the other hand, is a well-documented process. Some studies focus on Dexter-mediated TTA in fluorescent materials, giving rise to additional emission in the form of delayed fluorescence. [78] This additional emission results from the singlets formed
upon encounter of two triplets. According to spin statistics, a Dexter
interaction between two triplets can give rise to singlets, triplets, and
quintets with a quantum-statistical probability of 1/9, 3/9, and 5/9, respectively. [52] However, the high energy of the quintets usually prevents
these species from forming. For fluorescent materials, the triplets continue to be non-emissive.
Förster-mediated TTA is only observed in phosphorescent materials. If
part of the triplet emission spectrum overlaps with the triplet absorption
spectrum, energy can be transfered. Upon transfer the acceptor will be
excited from the T1 to a higher Tn state (see Figure 2.1), which quickly
thermalizes back to the T1 state, so one exciton is lost. See Figure 2.3 (left)
for a schematic depiction of the process. The rate for Förster-mediated
exciton-exciton interactions, and TTA in particular is given by
rF,TTA = τ

−1

(

RF,TTA
R

)6
,

(2.17)

with RF,TTA the Förster radius for the process, in this case the Förster
radius for TTA.
Dexter-mediated TTA is based on the exchange of electrons between
donor and acceptor. The process is shown schematically in Figure 2.3
(right). The rate of the process is given by
(
)
2R
rD,TTA = kD,TTA exp −
,
(2.18)
λex
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Figure 2.3: An (oversimplified) schematic view of the Förster mediated and
Dexter mediated TTA process. (left) In the Förster-mediated process,
the dipole-dipole interaction leads to a de-excitation of the donor,
while simultaneously the acceptor is excited from a T1 to a higher
Tn state; the figure shows a possible excitation. This Tn state will
quickly thermalize to the T1 state. (right) In the Dexter-mediated
process, donor and acceptor exchange electrons. The figure shows
an interaction that results with the donor in the ground state and
the acceptor in a singlet excited state, but, as discussed in the main
text, several other outcomes are possible.

with kD,TTA the prefactor for Dexter-mediated TTA, and λex the wavefunction decay length of the exciton. In this thesis, we will assume kD,TTA
to be the same as the Dexter prefactor for exciton diffusion, kD,0 , and λex
to be the same as the wavefunction decay length of charges, λ.
determination of the tta parameters Distinguishing and
quantifying the Dexter and Förster contribution to TTA is challenging.
Most studies focus on Förster-mediated TTA in host-guest systems of
phosphorescent OLEDs. [71,79,80] Considering the Förster radii found for
TTA and the distance between dye molecules in these systems, a significant additional contribution of a short-range Dexter-mediated TTA
seems unlikely. It is, however, difficult to extract the contribution of exciton diffusion from these studies. The TTA could be both described by a
single, long-range Förster transfer step, or a number of exciton diffusion
steps followed by a final short-range Förster transfer step. Chapter 6 will
further look into this issue. Additional challenges are the formation of
dimers and aggregates, as has been observed for some commonly used
dye molecules, which not only can influence the effective concentration,
but also lead to additional quenching. [81,82]
The Förster radius for TTA can be derived in a similar way as the
Förster radius for exciton diffusion: from the triplet emission spectrum
of the donor and the triplet absorption spectrum of the acceptor determined from, e.g., transient absorption and photo-induced absorption
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measurements. [52] Another approach is the use of (transient) photoluminescence studies as function of the dye concentration. [71,80] However,
without carrying out a separate study of triplet exciton diffusion it is
difficult to distinguish TTA which is due to the combination of exciton
diffusion, followed by the final annihilation step, and TTA due to a single long-range process (see Chapter 6).
2.7.2

Exciton-polaron quenching

Excitons can also be quenched due to an interaction with polarons, again
both via the Förster and Dexter mechanisms. The Förster radius of the
process is determined by the emission spectrum of the singlet or triplet
donor and the absorption spectrum of the hole or electron polaron acceptor. Besides TTA, triplet-polaron quenching (TPQ) is thought to be a relevant process in phosphorescent OLEDs. Singlet-polaron quenching (SPQ)
is not significant in such devices due to the short singlet exciton lifetime. However, SPQ can play a role in devices with both high singlet
and polaron densities, such as organic lasers. [83,84]
In case of Förster-mediated TPQ, the excitation energy will be absorbed by the polaron, which will be excited to a higher level. This excited polaron will quickly relax back to the polaron ground state via
thermalization. See Figure 2.4 (left) for a schematic overview of the process. The rate of Förster-mediated TPQ is given by
(
)6
−1 RF,TPQ
rF,TPQ = τ
,
(2.19)
R
with RF,TPQ the Förster radius for this process. Note that, in practice, the
Förster radius could be quite different for holes and electrons. We will
assume a single Förster radius for TPQ in this thesis.
Next to Förster-mediated TPQ, also Dexter-mediated TPQ can play a
role in OLEDs. The mechanism can be described as exchange of electrons
between a triplet donor and a polaron acceptor. See Figure 2.4 (right) for
an example of such a process. The rate for Dexter-mediated TPQ can be
expressed as
)
(
2R
,
(2.20)
rD,TPQ = kD,TPQ exp −
λex
with kD,TPQ the Dexter prefactor for TPQ. As for Dexter-mediated TTA,
we will in this thesis assume kD,TPQ = kD,0 and λex = λ.
determination of the tpq parameters Since TPQ measurements
require the introduction of charge carriers, typically a device with electrodes is needed instead of a thin film. This makes experimental study
of TPQ even more challenging than TTA. A common approach is the
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donor
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Dexter mediated TPQ

Figure 2.4: An (oversimplified) schematic view of the Förster-mediated and one
of the possible Dexter-mediated TPQ processes, in this case for electrons. A similar scheme can be drawn for the interactions with holes.
(left) In the Förster-mediated process, the dipole-dipole interaction
leads to a de-excitation of the donor, while simultaneously the acceptor is excited from a polaron ground state to an excited polaron
state; the figure shows a possible excitation. This excited polaron
state will quickly thermalize to the polaron ground state. (right)
In the Dexter-mediated process, donor and acceptor exchange electrons. The figure shows a possible Dexter mechanism for a tripletelectron quenching.

study of the PL efficiency as function of the current density in unipolar
devices. [85,86] An alternative approach is the use of transient electroluminescence to study the role of TPQ, for example in the work of Aziz
et al. [87] In this approach, the decay of the electroluminescence after a
voltage pulse is measured.
The above experiments are typically analyzed with an empirical model
in terms of a TPQ rate coefficient, kTPQ . However, for a mechanistic
model, we need the underlying parameters of the TPQ, like the Förster
radius or Dexter prefactor. The Förster radius can in principle be determined from the triplet emission spectrum and the polaron absorption
spectrum, as measured by, e.g. transient absorption and photo-induced
absorption measurements. [52] The Dexter prefactor is, however, not directly accessible from experiments.
2.7.3 Field-induced dissociation
Some authors [72,86,88,89] also consider field-induced dissociation as a separate efficiency loss process. While field-induced dissociation is indeed
a quenching process that will occur in most OLEDs if the field is high
enough, we do not consider it to be a direct loss process. In a well designed OLED, the charge carriers are confined to the EML using blocking
layers, giving rise to a recombination efficiency of 100%. In these devices

2.7 exciton loss processes

there is no net loss of excitons due to dissociation, i.e. the carriers of
the dissociated exciton will always form a new exciton in these devices.
Note, however, that field-induced dissociation can indirectly give rise
to more polaron quenching, since dissociation will increase the charge
carrier density in the device.
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A KINETIC MONTE CARLO MODEL FOR CHARGE
T R A N S P O RT A N D E X C I TO N I C P R O C E S S E S I N
O R G A N I C M AT E R I A L S A N D D E V I C E S

In Chapter 2, we discussed the electronic and excitonic processes that
play a role in the device physics of OLEDs. In this chapter, we will introduce a kinetic Monte Carlo model based on these processes, which
allows us to simulate the device operation of an OLED with molecularscale resolution as function of time. This methodology will be used
throughout the remainder of this thesis.
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In this chapter, we describe a kinetic Monte Carlo (kMC) model based
on the processes introduced in Chapter 2. To come to a kMC implementation, we need several ingredients: a simulation box with sites and species
that can occupy these sites, a set of physical processes that determine the
movement of the species between the sites, and an algorithm that determines which process occurs at a given instant in time. We will discuss
these ingredients one by one, after which we describe how to extract the
results from the simulation. Monte Carlo methods are inherently statistical approaches. We will discuss the error margins of the simulation and
the limitations of the methodology. Finally, we will briefly discuss some
other approaches towards full 3D organic device and material modeling
from the literature.
3.1

box, sites and species

The first ingredient is a spatial model of the system under study. We
consider a box of size L x × Ly × Lz as a small sample of an organic
material or device. The size of the box has to be chosen large enough
to get a representative sample, but at the same time small enough to
be computational feasible. L x is taken equal to the thickness of the device, in the order of 100 nm, and we typically take 50 × 50 nm in the
lateral directions. We fill the box with sites, with each site representing
a molecule. For convenience and to allow a number of computational
optimizations, we place the sites on a simple cubic lattice. While this
may neglect the positional disorder of the material, it was found that,
in general, the energetic disorder is dominant. [1] The lattice consists of
L
lx × ly × lz ≡ ⌊ Lax ⌋ × ⌊ ay ⌋ × ⌊ Laz ⌋ sites, with a the distance between the
sites on the lattice. This intersite distance is directly related to the site
density of the material, Nt , via a ≡ Nt−1/3 . We will indicate each site
with i = (i x , iy , iz ), with indices i x = 1, . . . , lx , etc. (see Figure 3.1). In
the case of material studies, we use periodic boundary conditions in all
three directions. For device simulations we place an electrode at both
ends of the device in the planes i x = 0 and i x = lx + 1, and use periodic boundary conditions in the y-axis and z-axis directions. Each site
has a certain material type, and is given several properties based on this
material type, such as energy levels, hopping prefactors, and excitonic
decay rates. The distribution of the materials in the box can be specified
in an arbitrary manner. This allows us to simulate 3D structured systems as well as, e.g., systems with material concentration gradients or
aggregates.

3.1 box, sites and species

Figure 3.1: A schematic representation of the grid for one row of sites in the
x-axis direction. The full circles indicate the sites that represent the
molecules in the simulation, the open circles indicate the virtual sites
in the electrodes from which carriers are injected. A similar scheme
can be drawn for the full 3D grid. The sites are indexed starting
from i x = 1 at the anode. The sites are separated by a distance a, the
intersite distance. The length over which the field due to the external
voltage is defined is indicated as L x .

3.1.1

Energy levels

Each site has four energy levels: a highest occupied molecular orbital
(HOMO) energy, a lowest unoccupied molecular orbital (LUMO) energy,
a singlet energy and a triplet energy. The energy levels are drawn randomly from a Gaussian distribution with width (standard deviation) σ
for the specific material. The width can be different for electrons and
holes, as well as for singlets and triplets. The electron or hole energy levels can be spatially uncorrelated, or, alternatively, spatially correlated,
e.g., a dipole-dipole correlation such as used in the Extended Gaussian Disorder Model (ECDM). [2] As discussed in Chapter 2, HOMO and
LUMO energy levels can also be correlated (Figure 2.2). The simulation
allows for uncorrelated, fully correlated and fully anti-correlated energy
levels. Unless specified otherwise, we will not use spatial correlation between the energy levels in this thesis, nor correlation between HOMO
and LUMO levels.
3.1.2

Species

There are four species present in the simulation: holes, electrons, singlets,
and triplets. Although not always explicitly indicated, most processes
discussed in the next section will depend on the charge of the carrier or
spin state of the exciton. Every site can be occupied by either a hole, an
electron, or both in the case of an exciton. The exciton can be either a
singlet or a triplet exciton; the spin state is determined randomly upon
generation according to the specified singlet-triplet ratio, typically 1:3.
Charge-transfer (CT) states are not modeled as separate species, but as
a hole and an electron at neighboring molecules.
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3.1.3 Coulomb interaction, images charges, and the potential landscape
Next to the HOMO and LUMO energies, the actual on-site energy of a
carrier will also be influenced by the field which arises by applying an
external voltage, the Coulomb interactions with its image charges in the
electrodes (in case of devices), and the Coulomb interactions with the
other carriers and their image charges. We follow here the approach of
Van der Holst et al. for a lattice of lx × ly × lz sites. [3]
The electrostatic energy which arises from the applied voltage is given
by
eΦext.field (i ) =

eV
[ a(lx − i x ) + 0.5a],
Lx

(3.1)

with Φext.field the electrostatic potential due to the field, e the elementary
charge, and V the external voltage over the device corrected for the builtin voltage.
In the case of devices, the contribution due to the images in the electrodes of the charge at site i itself is given by1


nimg
nimg
2
1
1 
e
 ∑
, (3.2)
eΦself (i ) = −
−
∑
8πε 0 ε r a n=−nimg |2i x + 2nl x | n=−n ,n̸=0 |2nl x |
img

with ε r the relative permittivity, ε 0 the vacuum permittivity, nimg the
number of images taken into account. Since for devices our system is
translationally symmetric in the y-axis and z-axis direction, we only have
to consider the x-coordinate. Van der Holst et al. found that nimg = 100
is more than sufficient.
Explicitly including all Coulomb interactions between all carriers (and
their image charges) in the device quickly becomes computationally prohibitive when the number of charges increases. In the simulations we
only explicitly include the Coulomb interactions within a certain cut-off
radius Rc . The interactions with charges outside the cut-off radius are
included per layer. From the studies of Van der Holst et al. we know that
a cut-off radius of Rc = 10a provides a good trade-off between accuracy
and efficiency.

1 In Ref. 3 the bars indicating the absolute value are missing and an additional factor of
1
2 is included.

3.1 box, sites and species

The short-range contribution (i.e. within the cut-off radius) of the
Coulomb potential, f c , at site i due to a charge at site j at a distance
Rij and its image charges is given by:
( a
e
4πε 0 ε r a Rij

f c (i, j) =
nimg

∑

−

√

n=−nimg

1

( jx + ix + 2nlx )2 + ( jy − iy )2 + ( jz − iz )2

nimg

∑

+

√

n=−nimg ,n̸=0

)

1

( jx − ix + 2nlx

)2

+ ( jy − iy

)2

+ ( jz − iz

)2

. (3.3)

This leads to an interaction energy of
eΦsr (i ) =

∑ e j fc (i, j),

(3.4)

j ̸ =i

with e j = ±e when a positive or negative charge is present on site j, and
zero otherwise.
The layer-averaged long-range electrostatic contribution, eΦlr , is calculated from the Poisson equation and a layer-averaged charge density ρix
for each layer ix .
Since we are now double-counting the contributions within the cutoff radius, we have to correct for this. For site i, the correction to the
Coulomb potential for the double counting in layer j is given by
ρ jx [√ 2
R jx −ix + a2 ( jx − ix )2 − a| jx − ix |
f disk (ix , jx ) =
2ε 0 ε r
ndisk (√
)
− ∑
R2jx −ix + a2 ( jx + ix + 2nlx )2 − a| jx + ix + 2nlx |
n=−ndisk
ndisk

+

(√

∑

n=−ndisk ,n̸=0

R2jx −ix + a2 ( jx − ix + 2nlx )2 − a| jx − ix + 2nlx |

)]

,

(3.5)
for 0 < a|√
jx − i x | ≤ Rc with ndisk the number of images of the disks and
R2jx −ix = R2c − a2 ( jx − i x )2 the radius of the disk in layer jx . The total
contribution of the disks is given by
eΦdisk (i ) =

∑ e fdisk (ix, jx ).

(3.6)

jx

With the contributions above, we can now determine the energy at
each site, Ei , which is in this case of a hole:
Ei = EHOMO,i + eΦext.field (i ) + eΦself (i ) + eΦsr (i ) + eΦlr (i ) + eΦdisk (i ).
(3.7)
In the case of an electron obvious changes have to be made.
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3.2

physical processes

The second ingredient is the set of physical processes and their rates. In
this section, we will describe all processes implemented in the simulations, both for charge carriers and excitons, as well as how the rates are
determined. We will describe the processes using the Miller-Abrahams
formalism, as introduced and motivated in Chapter 2.
3.2.1 Charge transport
In electrical simulations, the main process is the hopping of carriers
through the device. The hopping rate is described by the Miller-Abraham
formalism, and depends on the distance between the sites and the energy of a carrier residing at the donor or acceptor site. This site energy,
Ei , is determined by the HOMO or LUMO energy, the external field and
the Coulomb interactions due to other carriers and image charges, as
discussed above. The overall hopping rate from site i to site j then is
rhop (i, j) =

√

(

2Rij
ν0,i ν0,j exp −
λ

)

(

|∆Eij | + ∆Eij
exp −
2kB T

)
,

(3.8)

√
with ν0,i ν0,j the geometric mean of the intrinsic hopping attempt frequency of sites i and j, λ the wavefunction decay length, ∆Eij = Ej − Ei
the difference in energy between site j and site j, kB the Boltzmann constant, and T the temperature. The hopping attempt frequencies depend
on the material and the type of carrier.
3.2.2 Injection
Injection is modeled as a special case of charge transport. We do not
model the electrodes explicitly in the simulations, but allow the generation of an electron or hole on the first layer of sites next to the electrodes.
The rate for charge carrier injection to site i is
(

2a
rinj (i ) = kinj ν0,i exp −
λ

)

(

|∆Einj,i | + ∆Einj,i
exp −
2kB T

)
,

(3.9)

with kinj a injection prefactor, and ∆Einj,i = Ei − Eelectrode with Eelectrode
the workfunction of the electrode. Likewise, carriers can hop back into
the electrode (collection) from site i with a rate
)
(
)
(
|∆Ecol,i | + ∆Ecol,i
2a
exp −
,
(3.10)
rcol (i ) = kcol ν0,i exp −
λ
2kB T
with kcol a collection prefactor, and ∆Ecol,i = Eelectrode − Ei . Note that under normal circumstances the injection and collection prefactors should

3.2 physical processes

be chosen equal to preserve detailed balance. Injection to or collection
from sites other than the nearest neighbors to the electrodes is not included in the simulations.
For the case of a small injection barrier, the near-equilibrium at the
interface results in large and nearly compensating injection and collection rates. In practical OLED simulations, most steps would then be an
injection or collection event. In most cases we can tune the prefactors to
reduce the number of injection and recollection events, without affecting the charge carrier transport. This reduces the number of “useless”
events, thereby improving the efficiency of the simulations.
3.2.3

Exciton generation and dissociation

Like injection, exciton generation, and dissociation are modeled as special cases of charge carrier hopping. The rate for exciton generation is
given by
(
)
(
)
|∆Egen,ij | + ∆Egen,ij
2Rij
√
rgen (i, j) = ν0,i ν0,j exp −
exp −
, (3.11)
λ
2kB T
with ∆Egen,ij = Ej − Ei − Eb and Eb the exciton binding energy. Since we
do not know a priori whether a singlet or triplet exciton will be formed
upon generation, we have to make an assumption here. We will take Eb,S
for fluorescent materials and Eb,T for phosphorescent materials. In earlier work, for example of Van der Holst et al., [4] exciton generation was
considered to be a process that is always downward in energy if electron
and hole are on neighboring sites. We will adopt the latter approach in
Chapter 4.
Excitons can dissociate again, with rate
(
)
(
)
|
∆E
|
+
∆E
2R
√
ij
dis,ij
dis,ij
rdis (i, j) = ν0,i ν0,j exp −
exp −
, (3.12)
λ
2kB T
with ∆Edis,ij = Ej − Ei + Eb and with Eb = Eb,S for singlets and Eb = Eb,T
for triplets. We note that for the dissociation into a CT state, the Coulomb
interaction between electron and hole, which is implicitly included in Ei
and Ej , will give rise to a effective CT state binding energy of ∼ 0.48 eV.
3.2.4

Energy transfer

In Chapter 2, we described various photophysical processes that play
a role in OLED device physics, including radiative decay, non-radiative
decay, intersystem crossing and reverse intersystem crossing. All these
processes are included in the simulations, using the rates described there.
This also holds for diffusion of excitons and transfer to other materials,
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both via the Förster and the Dexter mechanism. To allow for exciton
transfer upward in energy, we include a Arrhenius factor for transfer
events.
For Förster transfer the rate will depend on the material of the donor
site i and acceptor site j. Including the Arrhenius factor, the Förster rate
becomes
(
)6
(
)
RF,ij
|∆Eex,ij | + ∆Eex,ij
rF (i, j) = (Γr,i + Γnr,i )
exp −
, (3.13)
Rij
2kB T
with Γr,i and Γnr,i the radiative and non-radiative decay rates of site i,
respectively, RF,ij the Förster radius for transfer of site i to site j, and
∆Eex,ij = Eex,j − Eex,i the difference in excitonic energy levels of sites i
and j. We note that, in our implementation, the Förster radii only have
to be specified for each pair of materials.
For Dexter transfer we follow an approach similar to charge hopping.
The Dexter transfer rate from site i to site j is
√
rD (i, j) =

(

2Rij
kD,i kD,j exp −
λ

)

(

|∆Eex,ij | + ∆Eex,ij
exp −
2kB T

)
, (3.14)

with kD,x the Dexter prefactor for the material of site x.
3.2.5 Exciton loss processes
All quenching mechanisms described in Chapter 2 are implemented in
the simulation, viz. singlet-singlet annihilation, singlet-triplet annihilation, triplet-triplet annihilation, singlet-hole quenching, singlet-polaron
quenching, and triplet-polaron quenching. As discussed, these processes
can be mediated both via a Förster and a Dexter mechanism. Next to
these physical descriptions, the simulation also allows one to only consider nearest-neighbor quenching events, typically with a rate chosen so
high that it can be regarded as instantaneous. This is the approach we
will use in Chapters 5 and 9. In Chapter 7 we compare this approach
with the more physical approach of Förster and Dexter mediated loss
processes.
3.2.6 Absorption
For photoluminescence simulations, excitons are introduced at certain
sites in the device. The probability of “absorption”, pabs , can be specified
per material. For transient simulations, we start the simulation with a
given fraction of the sites occupied by excitons, and let the simulation
run until all excitons have decayed or are lost due to other processes.
For steady-state simulations, we keep the number of excitons constant

3.3 algorithm

by randomly adding an exciton to a site when an exciton decays or is
lost, according to the probabilities for absorption. This excludes sites
that are already occupied. We will discuss absorption in Chapter 6.
3.2.7

Degradation

Degradation is described as a process where the material of a site changes
after a certain process, for example TPQ. The new material could, for
example, be an inert dark site (immediate non-radiative decay), or a
quenching center. The material change happens with a certain probability pdegr . In the simulations that we will discuss, degradation is always
coupled to another process, but spontaneous degradation could also be
implemented. We will study degradation in Chapter 9.
3.3 algorithm
The third and last ingredient is an algorithm to determine the time evolution of the system. The simulations performed in this thesis are based
on a dynamic or kinetic Monte Carlo approach. [5] This approach allows
one to simulate the time evolution of a model based on the rates of discrete mechanistic processes. The methodology is similar to that used by
Bässler, among others, when studying hopping transport in disordered
organic semiconductors. [6]
Step 1. Calculation of the rate for each possible event
For each charge and exciton in the box the rates of the processes described above can be determined. For efficiency reasons, only sites within
a certain cut-off radius are considered to be possible destinations for
hops or transfers. For each considered event i, the rate ri is calculated.
The total number of events is N.
Step 2. Event selection
The next event that will take place is selected in the following way. First,
for each event i the partial sum Si ≡ ∑ik=1 rk is calculated. Subsequently,
a random number u is drawn from the interval (0, rT ], with rT = ∑kN=1 rk
the total of all rates. From all possible events, the event i for which Si−1 <
u ≤ Si holds is selected.
Step 3. Event execution
The presence and positions of the charges and excitons on the lattice are
updated according to the event selected.
Step 4. Simulation time update
The time passed for this event is drawn from an exponential distribution
with an expectation value equal to 1/rT .
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For steady-state simulations, these steps are iterated until a stable dynamic equilibrium situation has been obtained and a sufficient accuracy
level has been reached. For transient simulations, these steps are iterated
until the desired end condition has been reached.
3.4

extracting results from the simulation

The raw simulation result is the set of positions of charges and excitons
in the box as function of time, and the set of events (and corresponding
times) that have taken place. To extract more useful information from
the simulation, such as the current density, internal quantum efficiency
(IQE), and charge or exciton density profiles, we need to post-process
the results.
The occupation of sites is tracked per layer during the simulation. This
allows us to determine the average occupational density for holes and
electrons as well as for singlets and triplets.
We count the excitonic events both per layer and per site. This allows
us to determine the distribution of the events over the stack and, for
example, the recombination profile and the polaron-quenching profile.
The number of events also allows us to determine the IQE of the device,
via
nR
,
(3.15)
ηIQE =
nR + nQ + nA + nNR
with nR the number of recombinations, nQ the number of quenching
events, nA the number of annihilations, and nNR the number of nonradiative decay events. For devices where all excitonic events are confined to a single type of material, we can use the ratio of Γr +ΓrΓnr to extrapolate the IQE when the number of events is too low to obtain good
statistics (see Section 3.5). The IQE then becomes
ηIQE =

Γr
Γr +Γnr ( nR

+ nNR )
.
nR + nQ + nA + nNR

(3.16)

The current density can be determined from the net number of downfield hops over a certain time period. The result will depend on the
time period over which we calculate the current density. To calculate the
current density J, we use the following equation:
en
J = 2DFH ,
(3.17)
ta ly lz
with nDFH the number of down-field hops counted over a certain time
period t. Unless stated otherwise, we determine in the case of steadystate simulations the current density from the number of net down-field
hops over the last half of the simulation. We do this to exclude errors due
to the initial equilibration of the system, since we typically start from an
empty box.

3.5 error margins on the simulations results

3.5 error margins on the simulations results
Monte Carlo simulation are inherently statistical methods where the accuracy of the results depends on the number of events simulated. There
are two ways to increase the number of events for a given system: longer
simulation times or multiple parallel simulations using different seeds
for the random number generator. Both approaches have been used in
this thesis. We will indicate the error margins of the simulation results
throughout this thesis, using 3σ or 99.7% confidence error flags, unless
indicated otherwise.
3.5.1

Convergence and disorder

Next to this inherent statistical uncertainty, there are two other uncertainties due to the type of simulation performed. The first uncertainty
is related to the convergence. The simulation starts with an empty box,
and we need a certain simulation time before the simulations have converged to a steady state, the equilibration time. Note that this plays no
role for transient simulations, e.g. as performed in Chapter 6. The second uncertainty is related to the box size. If the box size is too small,
the energy landscape may not be representative for the actual device.
While larger box sizes than the 100 × 50 × 50 nm typically used in this
thesis are feasible, it is usually more efficient from a short time-to-result
point of view to simulate multiple energy landscapes (“disorder configurations”) in parallel. The results of the different configurations can then
be combined. We will typically use at least 5 disorders configurations
for each simulation condition.
3.5.2

Uncertainty in the parameters

All the simulation parameters that determine the system are physical in
nature and most can be extracted rather straightforwardly from experiments, as described in Chapter 2. This introduces, however, an uncertainty due to the experimental uncertainty in the parameters. Especially
the uncertainty in the energy levels – at present typically in the order
of 0.2 eV – can influence the simulation results significantly. [7] The technical parameters (e.g. the number of images) are based on experience
and well-tested by verification simulations, and chosen such that a good
trade-off between efficiency and accuracy is achieved. This makes the
simulations free of any fitting or matching parameters.
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3.5.3 Limitations of the approach
While the implementation above allows us to study a wide range of
devices and materials under various conditions – even conditions that
are physically not feasible – there are some scenarios that are difficult
to study. For example, devices where the external voltage is around
the built-in voltage. In these devices, charge diffusion is the dominant
process and reaching convergence can take an impractically long time.
Other difficult situations include scenarios with very rare events. It will
then take a considerable amount of simulation time to gather enough
statistics on the events. Another limitation occurs when processes with
a wide range of time scales play a role. In practice, we can only have
access to a limited range of simulated time, typically in the order of
several hundreds of microseconds. Therefore, the simulation of lowfrequency alternating current (AC) scenarios, for example to simulate
an impedance spectroscopy measurement with frequencies around or
below 103 –104 Hz, is difficult.
3.6

other approaches for simulation of organic materials
and optoelectronic devices

In Chapter 2 we discussed the processes that play a role in OLED device
physics and in the present chapter we have discussed the implementation of these processes in a kinetic Monte Carlo model. Other authors
have used similar models and implementations to study organic materials and optoelectronic devices. In this section we will give an overview
of other models and implementations.
The use of Monte Carlo simulations in the field of organic electronics was introduced by Bässler et al. in the ’80s and ’90s of the previous
century. They used the simulations to study charge injection, [8] transport, [1,6,9–13] exciton generation and dissociation, [14–16] as well as exciton
dynamics. [17–22] Also, more recently, work was done by these authors on
charge [23] and exciton dynamics. [24,25]
Andrienko et al. recently reviewed simulation techniques for OLED
modeling from the molecular to the device scale, [26] the steps needed
to develop a third generation OLED model (see Chapter 1). They contributed to the field with the introduction and application of Aggregate
Monte Carlo, [27,28] in which sites from which carriers often hop forward
and back are combined to a single effective site, and studied the limitations of lattice models. [29] They have developed a multi-scale simulation
toolkit for charge transport simulations in organic semiconductors. [30,31]
Walker et al. have used kMC simulations to simulate exciton transport and develop an analytical model for exciton hopping. [32–34] More

3.6 other approaches

recently, they used kMC modeling to study the device physics of polymer OLEDs. [35]
Kinetic Monte Carlo methods have also often been applied to study
the device physics of organic photovotaic (OPV) devices. Walker et al.
studied the effect of the morphology on the OPV performance using a
mesoscopic kMC model. [36–39] Groves et al. have studied carrier separation and the loss mechanisms in OPV devices, [40–42] as have Forrest et
al., [43,44] Offermans et al., [45] and Kemerink et al. [46–48]
Apart from kMC implementations, also so-called 3D Master Equation
(3DME) approaches have been used to study charge transport. [49–53] In
these approaches, the average occupations of sites is calculated, instead
of the actual discrete site occupations in kMC simulations. These simulations are usually much faster than typical kMC simulations. It is however, not possible to explicitly include the Coulomb interactions in these
types of simulations, making bipolar simulations combining both charge
and exciton dynamics unfeasible.
From the discussion above it is clear that many elements of the model
discussed in Chapter 2 have already (partly) been implemented both
using kMC and 3DME approaches. We are, however, the first to combine
all elements in a single implementation and apply it to modern complex
multi-layer phosphorescent OLED devices: in Chapters 4 and 8 we study
the color balance, in Chapters 5, 7, 8, and 9 we study the roll-off and
quantify the contributions of the various quenching processes, and in
Chapter 9 we make the step towards the study of degradation scenarios.
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M O L E C U L A R - S C A L E S I M U L AT I O N O F
E L E C T R O L U M I N E S C E N C E I N A M U LT I L AY E R W H I T E
O R G A N I C L I G H T- E M I T T I N G D I O D E

In multilayer white OLEDs the electronic processes in the various layers – injection and motion of charges as well as generation, diffusion,
and radiative decay of excitons – should be concerted such that efficient, stable, and color-balanced electroluminescence occurs. We show
that it is feasible to carry out Monte Carlo simulations including all
these molecular-scale processes, as demonstrated for a hybrid multilayer
OLED combining red and green phosphorescent layers with a blue fluorescent layer. The simulated current density and emission profile agree
well with experiment. The experimental emission profile was obtained
with nanometer resolution from the measured angle- and polarizationdependent emission spectra. The simulations elucidate the crucial role of
exciton transfer from green to red and the efficiency loss due to excitons
generated in the interlayer between the green and blue layer. The perpendicular and lateral confinement of the exciton generation to regions
of molecular-scale dimensions, revealed by this study, demonstrate the
necessity of molecular-scale instead of conventional continuum simulation.1

1 This chapter is a shortened version of M. Mesta et al., Nat. Mater. 12, 652 (2013). See
Contributions of the author for more details.
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Organic light-emitting diodes (OLEDs) hold great promise for energyefficient light sources with unique properties. In contrast to inorganic
LEDs they have a large light-emitting area and can be fabricated on
flexible substrates. The development of white OLEDs for lighting applications is particularly challenging, since these require the combination
of emitters of different colors. They should function such that 1) electrical energy is efficiently converted into light, 2) the right color balance is
obtained, and 3) long-term stability of the efficiency and color balance is
guaranteed. A well-established strategy to achieve these goals is the use
of multilayer stacks, where each layer performs a specific function. [1]
Control of all the electronic processes occurring in such stacks – injection and transport of charges as well as generation, diffusion, and
radiative decay of excitons – is necessary, but at the same time extremely
complex. The development of predictive modeling of these processes is
imperative, but has not yet been realized.
The efficiency of white OLEDs has been increased by introducing
highly n- and p-doped organic-semiconductor layers at the injecting contacts in combination with layers transporting electrons and holes to the
emission layers, [2] and phosphorescent triplet emitters harvesting almost
all singlet and triplet excitons formed in the emission layers. [3] Fullphosphorescent OLEDs use red, green, and blue triplet emitters, and
are among the most efficient. [4] An issue with these OLEDs, however,
is the long-term instability of the available blue triplet emitters. Therefore, most present commercial white OLEDs are hybrid, generating the
blue component of the emitted light by fluorescence. [5,6] Nevertheless,
long-term stability of OLEDs remains a concern and it is of utmost importance to identify causes for their degradation.
Charge transport in the organic semiconductors used in OLEDs occurs by hopping between sites with an energy disorder that is often
taken to be Gaussian. [7] Advanced OLED simulation methods have been
developed based on this concept that treat the device as a continuous
one-dimensional (1D) system, with properties depending only on the
distance to the electrodes. [8–11] For a single-layer OLED with a thick organic layer such a method was applied with considerable success. [11] In
white OLED stacks, molecular-scale inhomogeneities in the stacking direction caused by sublayer thicknesses of only a few molecular diameters
prevent the use of these methods. 1D approaches with discretization in
the stacking direction [12,13] would then be more appropriate. However,
these cannot capture the lateral molecular-scale inhomogeneities in the
exciton generation revealed by the present study.
Here, we carry simulation of OLED electroluminescence to a next level
by presenting the first three-dimensional (3D) molecular-scale Monte
Carlo simulations of all relevant electronic processes in a white OLED.
Apart from charge injection, charge transport, and exciton formation, the

4.1 the oled stack: electrical and optical characteristics

simulations contain for the first time effects of 3D exciton diffusion. As
demonstration and validation we apply the simulations to a white hybrid OLED stack that we have fabricated. We compare the simulation results for the current-voltage characteristics and the emission profile to experiments on this stack. The results provide a unique view on where and
how luminescence occurs, on molecular-scale inhomogeneities in the exciton generation, on efficiency-loss processes, and on possible causes
for degradation. The range of applicability of the developed simulation
tools is broad and we foresee their use in future optimized OLED stack
design.
4.1 the oled stack: electrical and optical characteristics
Figure 4.1(a) shows the schematic layer structure of the investigated
OLED stack and the materials used in the different layers (see Methods section for its fabrication). Its working principle is as follows. Holes
reach the inner part of the stack by injection from an ITO layer into a
p-doped injection layer and transport through a hole-transporting and
electron-blocking layer of α-NPD, and electrons do so by injection from
an aluminum cathode into an n-doped electron-injection layer and transport through an electron-transporting and hole-blocking layer of NET5.
In the inner part of the stack, blue light is generated in a fluorescent
Spiro-DPVBi layer adjacent to the NET5 layer. Green light is generated
in a TCTA layer doped with the green phosphorescent dye Ir(ppy)3 and
red light in an α-NPD layer doped with the red phosphorescent dye
Ir(MDQ)2 (acac).
The green phosphorescent layer is separated from the blue fluorescent layer by an interlayer consisting of a mixture of an electron and
a hole transporter, TPBi and TCTA. The purpose of this interlayer is
twofold. [5] Firstly, it blocks the transfer of singlet excitons from the blue
to the green layer and of triplet excitons from the green to the blue layer
(Spiro-DPVBi has a triplet energy lower than that of Ir(ppy)3 ). Secondly,
the interlayer allows passage of electrons from the blue to the green layer
and of holes from the green to the blue layer. There is no equivalent interlayer between the green and red phosphorescent layers. Therefore,
triplet excitons can diffuse from the green to the red layer and this is in
fact an important process in establishing the right color balance.
The measured room-temperature current density-voltage characteristic of the OLED is shown in Figure 4.1(b). At a bias around 2.5 V the
OLED switches on and the current is measured up to 4.2 V. At higher
voltages, there is a risk of permanently damaging the OLED by excessive heating. Unless stated otherwise, for all other presented results the
bias is 3.6 V. The CIE 1931 color point of the perpendicularly emitted
light at this bias was measured to be [ x, y] = [0.47, 0.45]. It corresponds
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Figure 4.1: OLED stack and its electrical characteristics. (a) Layer structure of the hybrid OLED stack studied in this work (surface
area: 2.7 by 2.5 mm). The layers and the used organic materials are, from bottom to top: p-doped hole-injecting layer of
NHT5 with 4 mol% NDP2 [14] , hole-transporting layer of 4,4′ -bis[N(1-naphthyl)-N-phenyl-amino]biphenyl (α-NPD), layer of α-NPD
with 5 mol% of the red phosphorescent dye (acelylacetonate)bis(2methyldibenzo[f,h]quinoxinalate)iridium (Ir(MDQ)2 (acac)), layer of
4,4’,4"-tris(N-carbazoyl)-triphenylamine (TCTA) with 8 mol% of
the green phosphorescent dye fac-tris(2-phenylpyridyl)iridium
(Ir(ppy)3 ), interlayer consisting of a mixture of the hole transporter TCTA with 33 mol% of the electron transporter 1,3,5-tris[Nphenylbenzimidazol-2-yl)benzene (TPBi), blue fluorescent layer
of 2,2’,7,7’-tetrakis(2,2-diphenylvinyl)-spiro-9,9’-bifluorene (SpiroDPVBi), electron-transporting layer of NET5 [14] , and n-doped
electron-injecting layer of NET5 with 4 mol% NDN1 [14] . (b) Measured (full) and simulated (symbols, error: ∼10%, and dashed curve
as guide to the eye) current density-voltage characteristics. The arrow indicates the current density-voltage point at which most reported experimental and simulation studies were performed.

4.1 the oled stack: electrical and optical characteristics

to warm-white emission, slightly shifted to the yellow/orange. The external quantum efficiency (EQE) – the fraction of emitted photons per
injected electron-hole pair – is 5 ± 1%, as measured in an integrating
sphere setup.
The color-resolved emission profile of the OLED is shown in Figure 4.2(a). The profile was reconstructed from the measured angle and
polarization dependent emission spectra, as pioneered in Ref. 15 for a
single-layer OLED and here applied for the first time to an OLED stack
(see Methods section). The nanometer-scale resolution of the reconstruction method fully pays off in the present context, since the emission
occurs in each layer in a region of only a few nanometers thick. In the
blue layer, the emission occurs close to the interface with the interlayer.
Detailed resolution of the emission profile within the very thin green
layer (3 nm) is beyond the accuracy of the reconstruction method. The
emission from the red layer occurs close to the interface with the green
layer and can be due to excitons generated in this layer as well as to
exciton transfer from the green to the red layer. The emission percentages in the different emission layers are indicated in the figure. Almost
no dependence of the color point and reconstructed emission profile on
the bias was found in a range of about 1 V around 3.6 V. Using the outcoupling properties of the stack, the expected color point was calculated
from the reconstructed emission profile. The result, again [0.47, 0.45], perfectly agrees with the directly measured color point, demonstrating the
internal consistency of the reconstruction procedure.
By using the radiative decay probabilities ηr of the different emitters,
the reconstructed emission profile also allows a calculation of the expected EQE. We take ηr = 0.35 for the blue fluorescent emitter, [16] and
0.84 and 0.76 for the red and green phosphorescent emitter in their respective hosts. [17] The exciton generation efficiency can be assumed to
be unity because of the effective confinement of electrons and holes to
the inner part of the stack by the charge-blocking layers. By assuming
that in the blue fluorescent layer singlet and triplet excitons are generated in a quantum-statistical ratio of 1:3, and using the calculated
light-outcoupling efficiency, we find an EQE of 9 ± 1%. This is substantially larger than the measured EQE of 5 ± 1%, which indicates that,
apart from the limited outcoupling efficiency (20±1%), the quantumstatistically limited number of singlet excitons formed in the blue layer,
and the limited radiative decay probabilities of the emitters, there are
other factors that limit the efficiency of this OLED. Simulation of the
electronic processes occurring in the OLED provides a unique tool to
investigate this.
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Figure 4.2: Light-emission and exciton-generation profiles. (a) Reconstructed
experimental light-emission profile. (b) Simulated excitongeneration (top) and light-emission (bottom) profile, with the
difference caused by excitonic processes. The numbers indicate the
fractions in the various layers (errors: ∼1% or smaller).

4.2 monte carlo simulation of charge and exciton dynamics

4.2 monte carlo simulation of charge and exciton dynamics
The feasibility of performing Monte Carlo simulations at the molecular level of charge injection and transport in single-layer single-carrier
devices of disordered organic semiconductors has recently been demonstrated. [18] Here, we carry such simulations to a next level by applying
them to the OLED stack of Figure 4.1(a) and including exciton generation and diffusion (see Methods section). The molecules in the stack
are represented by point sites arranged on a cubic lattice with a lattice
constant a = 1 nm, the typical intermolecular distance of the materials
comprising the stack. We assume the presence of correlated disorder in
the electron and hole energies, which was found to be present in various
small-molecule materials. [19,20] The disorder is assumed to be caused by
random dipoles and has a strength σ = 0.1 eV, corresponding to the
value found for hole transport in α-NPD. [19] We expect that with this the
hole transport in α-NPD is properly described and that also a reasonable
description is obtained for the charge transport in the other materials in
the stack. Red and green emitting guests are introduced according to the
known concentration of the emitters, with appropriately adapted energy
levels.
Electron traps are ubiquitous in organic semiconductors and are introduced in the layers in which electron transport is important: the blue
fluorescent layer and the electron-transporting layer. Their presence is
modeled using an exponential distribution of trap energies [21–23] with
a concentration ctrap and a trap energy kB T0 . Transport in electron-only
devices of the electron transporter BAlq could be modeled well using
correlated disorder with σ = 0.09 eV, ctrap = 7 × 10−4 , and a trap temperature T0 = 1200 K [20] , demonstrating the applicability of our method
of introducing traps in molecular semiconductors.
We take Miller-Abrahams rates for the nearest-neighbor hopping of
charges on the lattice. [24] Modeling of charge transport in devices of
small-molecule semiconductors based on these rates has been very successful. [19,20] It was recently demonstrated that the charge-transport properties found with these rates are very similar to those with the often used
Marcus hopping rates [25] (the latter rates would require the introduction
of another parameter, the reorganization energy [26] ).
The energy differences in the hopping rates contain, apart from the
random site energies, an electrostatic contribution due to the bias applied to the OLED and the Coulomb energy due to all present charges.
We treat the doped injection layers as metallic, injecting and collecting
charges with an energy according to a given work function. Exciton generation occurs by hopping of an electron to a site where a hole resides,
or vice versa.
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Table 4.1: Material parameters: charge dynamics. HOMO and LUMO energies,
room-temperature hole- and electron-mobilities µ0,h and µ0,e at low
field and low carrier density, electron-trap concentration ctrap , and
trap temperature T0 of the trap distribution in the different layers of
the stack, as used in the Monte Carlo simulations.
material

EHOMO (eV)

NHT5:NDP2

−5.10

α-NPD

−5.33

α-NPD
Ir(MDQ)2 (acac)

−5.43
−5.13

ELUMO (eV)

µ0,h (m2 /Vs)

µ0,e (m2 /Vs)

−2.23

6 × 10−9

6 × 10−10

−2.33

6 × 10−9

6 × 10−10

−2.93

6 × 10−9

6 × 10−10
2 × 10−9

TCTA

−5.60

−2.20

2 × 10−8

Ir(ppy)3

−5.20

−2.70

2 × 10−8

2 × 10−9

−2.20

2 × 10−8

2 × 10−9
2 × 10−9

TCTA

−5.60

ctrap

T0 (K)

TPBi

−6.20

−2.60

2 × 10−8

Spiro-DPVBi

−5.70

−2.80

6 × 10−9

8 × 10−9

0.001

2350

−2.50

1.5 × 10−11

1.5 × 10−10

0.005

1400

NET5
NET5:NDN1

−6.00

−2.50

In Table 4.1 we give the parameters of the stack materials as used
in the simulations of the charge dynamics. Figure 4.3 pictures the level
scheme of the centers of the HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital) energy distributions
for holes and electrons. The parameters were determined from chargetransport and spectroscopic studies of the various materials. The Materials Parameters section contains a detailed explanation of how the
parameters in Table 4.1 were obtained.
Exciton diffusion within and in between the green and red layers is
included in the simulations (see Methods section). Because the red and
green triplet emitters trap electrons as well as holes (see Figure 4.3), most
excitons in the red and green layer are generated on the emitters. We
describe the diffusion of excitons among the emitters by Förster transfer,
made possible by mixing in of spin-singlet character into the exciton
wave function due to the spin-orbit coupling of the heavy iridium atoms.
The Förster transfer rate between two emitters i and j is [27]
(
)6
1 R0,ij
,
(4.1)
k ij =
τr,i
R
with τr,i the radiative lifetime of emitter i, R the distance between the
two emitters, and R0,ij the Förster radius for transfer from i to j.2 The latter accounts for the spectral overlap between the emission spectrum of
i and the absorption spectrum of j. Apart from undergoing transfer, the
excitons can decay radiatively with a rate kr,i = 1/τr,i , or non-radiatively
with a rate knr,i = 1/τnr,i . These rates are related to the radiative decay
2 We thus use here a slightly different expression for the Förster transfer rate here, with
τr,i instead of τi .
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Figure 4.3: Energy-level diagram. HOMO and LUMO energies in eV of the materials in the OLED stack of Figure 4.1(a) as used in the simulations,
in each case defined as the energy at the top of a Gaussian density
of states with standard deviation σ = 0.1 eV. The horizontal arrows
indicate the work functions used for the doped hole and electron
injecting layers. The concentrations of the red and green dye are
5 × 10−2 and 8 × 10−2 , respectively. The electron traps in the SpiroDPVBi and NET5 have concentrations of 10−3 and 5 × 10−3 , and trap
energies of kB T0 = 0.2 and 0.12 eV, respectively.
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Table 4.2: Material parameters: exciton dynamics. Radiative and non-radiative
exciton decay rates kr and knr , Förster radii R0 for exciton transfer
between triplet emitter molecules, and triplet energies ET . For the
green emitting Ir(ppy)3 kr and knr are taken from Ref. 29 while for the
red emitting Ir(MDQ)2 (acac) kr is obtained from Ref. 30 and knr from
ηr given in Ref. 17 and the relation ηr = kr /(kr + knr ). A typical value
is taken for the value of R0 for transfer between the same emitter
molecules from Ref. 27. For the transfer from a green to a red emitter
we take R0,GR = 3.5, according to the estimate in Ref. 28. The triplet
energies are taken from Ref. 31.
kr (µs−1 )

knr (µs−1 )

R0 (nm)

ET (eV)

Ir(MDQ)2 (acac)

0.588

0.112

1.5

2.0

Ir(ppy)3

0.816

0.249

1.5

2.4

material

probabilities by ηr,i = kr,i /(kr,i + knr,i ). The parameters used in the exciton dynamics, taken from literature, are given in Table 4.2. The large
Förster radius R0,GR = 3.5 nm taken for transfer from green to red [28]
reflects the large spectral overlap for this transfer. Transfer from red to
green is neglected since it will only occur with a very small rate.
Simulation of exciton diffusion is performed for each exciton generated in the red or green layer and proceeds independently from all other
processes, which means that exciton-exciton and exciton-charge interactions are neglected. The excitons generated on host sites in the red
and green layer (a minority) are assumed to transfer instantaneously to
triplet emitter guests in their neighborhood. Diffusion of excitons generated in the blue layer is not taken into account, because their diffusion
length will be short and because transfer to the green layer is blocked
by the interlayer. Excitons generated in the interlayer are assumed to be
lost by non-radiative decay or emission outside the visible spectrum.
4.3

simulation results: current density, exciton generation, and light emission

The simulation results for the current density in the OLED at several
voltages, using the parameters of Table 4.1, are given by the symbols
in Figure 4.3(b). The simulated current density curve is close to the measured one. We stress that the parameters of Table 4.1 come from separate
studies of the materials or material combinations in the stack, so that the
simulated current density can really be considered as a prediction. The
overall agreement between the simulated and measured current density
indicates that the charge transport through the stack is well described
by the simulations. The larger experimental current density at high voltage could result from a heating effect. The discrepancy at low voltage
could be due to a slight underestimation of the trapping of holes by
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Ir(MDQ)2 (acac) in the α-NPD:Ir(MDQ)2 (acac) layer. A sensitivity study
of the parameters performed in Ref. 32 showed that with a typical experimental uncertainty of about 0.1 eV in the HOMO energies of α-NPD
and Ir(MDQ)2 (acac) the calculated current density has an uncertainty
of about one order of magnitude. We note that the effects of trapping
are strongest at small voltages, when the traps are only partially filled,
giving rise to an enhanced steepness of the J (V ) curve.
In Figure 4.2(b) we display the simulated exciton-generation and lightemission profiles. The emission profile is obtained from the excitongeneration profile and the simulation of exciton diffusion. As in the
construction of the experimental emission profile, in the blue layer a 1:3
singlet-triplet exciton-generation ratio was assumed, the radiative decay
probability in this layer was taken into account, and no emission from
the interlayer was assumed. The resulting emission fractions of the three
colors agree well with those of the reconstructed profile in Figure 4.2(a).
The simulated profile is more broadened than the reconstructed profile,
but this is probably due to the limited accuracy of the reconstruction
procedure, which tends to produce δ-function shaped profiles when the
profile width approaches the resolution limit. From the difference between the simulated exciton-generation and light-emission profiles in
the green and red layers the crucial role of interlayer exciton transfer
becomes clear. Only a small amount of excitons is generated in the red
layer, but due to exciton transfer the emission in the red layer is greatly
enhanced to a value that is in agreement with experiment.
A sizable amount, 21%, of the excitons in the simulations is generated
in the interlayer in between the green phosphorescent and blue fluorescent layer. Accounting for these excitons, which are assumed not to
contribute to the luminescence, the calculated EQE drops from the aforementioned 9±1 to 7±1%. When comparing this to the measured EQE
of 5±1% we can say that at least a large part of the difference can be
explained by excitons generated in the interlayer. Because of the uncertainty in the measured and calculated EQE, it is hard judge about other
possible factors causing the difference. However, we expect that the following factors can play an additional role: 1) exciton quenching due to
exciton-exciton and exciton-charge interactions, 2) insufficient blocking
by the interlayer of transfer of triplet excitons from the green layer to energetically lower-lying triplet-exciton states in the blue fluorescent layer,
and 3) a singlet-triplet generation ratio in the blue fluorescent layer that
is smaller than the assumed 1:3 ratio. The narrowness of the profiles in
Figure 4.2 suggests that exciton quenching could play a role, because
of high exciton and charge densities in the exciton-generation and lightemission regions. Simulations in which the dynamics of an exciton is no
longer decoupled from that of other excitons and charges should shed
light on this.
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4.4

conclusion

In conclusion, we have shown in this chapter that it is possible to perform realistic three-dimensional Monte Carlo simulations at the molecular level of electronic processes leading to electroluminescence in multilayer OLED stacks relevant for lighting applications. The focus was on a
particular OLED stack, but the developed simulation tools have a broad
range of applicability. We stress that the molecular-scale treatment of the
electronic processes in this work was essential, for the following reasons:
1) some of the layers in the stack have a thickness of only a few nanometers, i.e., a few molecular diameters, leading to strong perpendicular
gradients in the electric field and the concentrations of charge-carriers
and excitons, 2) the exciton-generation and light-emission profiles have
a width of only a few nanometers, even in the layers that are much
thicker than a few nanometers, 3) the distribution of exciton-generation
events shows large inhomogeneities at the molecular scale, in the perpendicular and lateral directions (shown in Ref. 32), and 4) the presence of
phosphorescent guests and traps further enhances the effects of these inhomogeneities (shown in Ref. 32). Conventional continuum approaches
to simulate electronic processes cannot capture these aspects.
The present work can be considered as the opening of the road towards rational design of multilayer OLED stacks based on molecularscale modeling of electronic processes. Extensions of the work in various directions are possible, some of which will be discussed in the
next chapters. Inclusion of exciton-exciton and exciton-charge quenching processes will be important to assess efficiency loss (Chapters 5,7,
and 8) and material degradation (Chapter 9) by these processes. Another important extension is the incorporation of information about the
microscopic morphology of the stack materials, including the molecular
packing and possible dye aggregation, obtained with molecular dynamics or Monte Carlo modeling, and about hopping rates obtained from
quantum-chemical calculations. [33,34] This may eventually lead to fully
predictive modeling of electroluminescence in OLED stacks. Including
these extensions is expected to be feasible without a need for computational resources far exceeding that used in the present work.
methods
OLED fabrication and layer-thickness control
The OLED was fabricated by thermal evaporation of the organic materials onto ITO-coated, structured glass substrates in an UHV chamber
(Kurt J. Lesker Company) with a base pressure around 10−8 mbar. The
thickness of the organic film is monitored during evaporation by quartz
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crystal microbalances. This allows for a precise control of the organic
layer thickness with nanometer precision, which is in particular important for the deposition of the green emission layer and the interlayer
(both 3 nm thick). Furthermore, due to the design of our deposition tool,
we observe a very good homogeneity of our films on large areas (less
than 5% variation in layer thickness on a 100×100 mm2 plate), making
us confident that the thickness variation of each layer on the length scale
of the OLED is very small. Immediately after preparation the OLED was
encapsulated under nitrogen atmosphere using epoxy glue and glass
lids.
Reconstruction of the emission profile
The technique to reconstruct the emission profile in the OLED is similar
to that introduced in Ref. 15. It is based on the solution of an inverse
outcoupling problem and makes use of the calculated angle, polarization, and wavelength dependence of the emission of the radiation of a
dipole in the layer stack, averaged over a uniform distribution of orientations. The complex refractive index dispersion curves and photoluminescence spectra (describing the ‘source spectra’ for the red, green, and blue
emission) entering the calculation of the outcoupling were measured or
were obtained from the material library of SETFOS (a commercial software program distributed by Fluxim AG, Switzerland). The discretization step in the reconstruction procedure was 1 nm. It was assumed that
the dipoles of each ‘color’ are located in the corresponding emission
layer and that no emission takes place at organic-organic interfaces and
within the TCTA:TPBi interlayer (the charge-transfer excitons that might
be present in these regions are expected to decay non-radiatively or by
emitting photons outside the visible spectrum). Since the thickness of the
green layer is close to the resolution limit of the reconstruction method,
the emission from this layer was assumed to come from its center. The
light emission under an angle θ with the sample normal was measured
through a glass hemisphere applied to the glass side of the OLED, with
an index-matching fluid in between.
The shape of the emission profile is obtained in the following way
using a least-mean-squares fitting method. As a first step, the experiexpt
mental s- and p-polarized emission intensities Is( p) (λ, θ ), measured at
M values of the wavelength λ and N values of the emission angle θ, are
normalized using the expression
expt

expt
Inorm,s(p) (λ, θ )

=

Is( p) (λ, θ )
expt

Ss ( p ) ( λ )

,

(4.2)
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with
expt

expt

Ss( p) (λ) ≡ max( Is( p) (λ, θ )).

(4.3)

expt

The maximum max( Is( p) (λ, θ )) is calculated over the entire wavelength
and angle range, separately for s- and p-polarized light.
As a second step, trial intensity functions are calculated. A normalized
fixed source spectrum Sksource (λ), a trial emission profile Pk,ffi depending
on layer (k) and position (δ, in 1 nm steps), and a trial dipole orientation
θd are assumed. The emission profile is normalized such that:
kmax

∑ ∑ Pk,δ = 1.

(4.4)

k =1 δ

The trial calculated intensity is then:
Iscalc,trial
(λ, θ )
( p)

kmax

=

∑ ∑ Pk,δ Sksource (λ) Iscalc
( p) ( λ, θ, k, δ, θd ).

(4.5)

k =1 δ

The intensity due to emission from a single dipole at position δ in
layer k, Iscalc
(λ, θ, k, δ, θd ), includes the radiative decay probability in layer
( p)
k, corrected for microcavity effects. Subsequently, the trial intensity is
normalized:
calc,trial
Inorm,s
(λ, θ )
( p)

=

Iscalc,trial
(λ, θ )
( p)
max( Iscalc,trial
(λ, θ ))
( p)

,

(4.6)

where the maximum max( Iscalc,trial
(λ, θ )) is calculated in the same way as
( p)
expt

max( Is( p) (λ, θ )). As a final step, the optimal emission profile and dipole
orientation are determined by iteratively minimizing the quantity
χ ≡
2

M N

calc,trial
(λ , θ ) − Inorm,s(p) (λi , θ j )}2 .
∑ ∑ ∑ { Inorm,s
(p) i j
expt

(4.7)

i =1 j=1 s,p

Simulation procedure
The Monte Carlo simulations were performed on a cubic lattice of 50×50
×56 sites representing the molecules in the OLED stack, with periodic
boundary conditions in the lateral (x- and y-) directions. An energy landscape with correlated disorder was generated by taking a cubic lattice of
sites, with a size in the z-direction larger than the thickness of the stack,
placing on each site a randomly oriented static dipole, and calculating
the resulting electrostatic field at each site (excluding the dipole at that
site). Normalization is such that the nearly Gaussian density of states
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has a standard deviation σ = 0.1 eV [35] . The red and green emitting
guests were introduced in the simulations by offsets, with respect to the
surrounding host material, of the HOMO and LUMO energies of sites
that were randomly selected according to the concentration of the emitters. Electron traps were introduced by random site selection according
to the concentration ctrap in the blue fluorescent layer (Spiro-DPVBi) and
the electron-transporting layer (NET5).
The LUMO energies of the assigned electron traps were drawn from
an exponential distribution, (kB T0 )−1 exp([ E − ELUMO,host ]/kB T0 ) if E <
ELUMO,host and otherwise 0, where ELUMO,host is the center energy of the
Gaussian distribution of the LUMO energies of the surrounding host
sites. The HOMO energies of the trap sites were not changed.
Miller-Abrahams rates [24] were taken for the hopping of charges on
the lattice. These are given by ν0 exp(−2αR + ∆E/kB T ) for energetically
upward hops (energy difference ∆E > 0) and ν0 exp(−2αR) for energetically downward hops (∆E < 0), where kB T is the thermal energy, α an
inverse wave function decay length, and R the distance over which the
hop takes place. In the case of nearest-neighbor hopping considered by
us, the prefactor ν0 (representing a typical phonon frequency) together
with the factor exp(−2αa) yield a prefactor that was adjusted to reproduce the room-temperature charge-carrier mobility µ0 at vanishing electric field and charge-carrier concentration of the material under consideration. The energy difference ∆E for a hop of a charge from one site to
another contains, apart from the random site energies discussed above,
an electrostatic contribution due to the applied bias over the OLED and
the Coulomb interaction with all other charges. The latter contribution
was calculated as in Ref. 18 by a separation into a short-range part due
to charges within a sphere of radius Rc and a long-range part due to
charges outside this sphere, for which a layer-average was taken. A cutoff radius of Rc = 8 sufficed in our case. The relative dielectric constants of the layers in the stack are all quite similar and we took them
all equal to ε r = 3.5, simplifying the calculation of electrostatic energies.
We treated the doped injection layers as metals with a given work function. Injection of holes and electrons from these layers into the adjacent
hole and electron transporting layers was treated in the same way as in
Ref. 18 with inclusion of an image-charge potential. Exciton generation
occurs by hopping of an electron to a site where a hole resides, or vice
versa, and is assumed to be always an energetically downward process.
From the room-temperature mobilities µ0 of holes (h) and electrons (e)
of the host materials at low field and low carrier density the hopping
frequencies ν0 were determined using the parameterization in Ref. 9 of
the mobility. The precise values of ν0,h,e for hops in between host sites
and guest or trap sites are found not to be important [36] and for simplicity we took them equal to the values in the host. For ν0 involving hops
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between sites across an organic-organic interface we took the geometric
mean of the bulk values at either side of the interface.
All simulations started with an empty device and an applied bias. A
steady-state situation was obtained after typically 2 × 109 Monte Carlo
steps, which was judged from the uniformity of the charge current in the
z-direction. Subsequently, the current density and the exciton-generation
profile were determined from typically another 2 × 109 Monte Carlo
steps. For voltages below 2.6 V it was not possible to obtain a statistically significant value for the current density. By repeating the simulations for different disorder configurations we conclude that the error in
the reported current density in Figure 4.1(b) is about 10% and that the
error in the reported fractions of exciton generation and light emission
in the various layers in Figure 4.2 is about 1% or smaller.
Exciton diffusion was simulated for excitons generated in the green
and red layer and started from the calculated exciton generation distribution. An exciton on a triplet emitter was either removed with a
probability according to its total (radiative and non-radiative) decay rate
or transferred to another emitter. In the latter case an exciton-accepting
emitter was selected according to Eq. (4.1). The process continued until
each exciton was removed, after which the number of excitons decaying
radiatively in each layer was counted. An exciton initially generated on a
host site was instantaneously transferred to a guest emitter site selected
according to Eq. (4.1).
material parameters
In this section we discuss the determination of the material parameters
in the OLED stack, given in Table 4.1. Ultraviolet photoemission spectroscopy (UPS) and optical absorption measurements provided HOMO
energies and optical band gaps of most of the materials. The LUMO
energies were subsequently obtained by adding the optical gaps. This
approach disregards the exciton binding energy, but is nevertheless expected to yield relative LUMO energies with reasonable accuracy because the exciton binding energies are expected to be rather similar for
the used materials.
Several p-i-p and n-i-n single-carrier devices, with p- and n-doped injection layers and i the intrinsic layer or layer combination to be studied,
were prepared. The prepared p-i-p stacks contained parts of the stack
structure of Figure 4.1(a) (excluding the electron-transporter NET5). The
analysis of hole transport in these stacks led to the HOMO energies
reported in Ref. 10. In n-i-n devices of Spiro-DPVBi and NET5 the electron transport properties were determined from analyses of the currentvoltage characteristics, in a similar way as described in Ref. 20 for BAlq.
Electron transport in these materials can only be properly described by
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assuming the presence of electron traps, which appear to have a universal character in organic semiconductors. [37] We model the presence of
electron traps using an exponential distribution of trap energies with a
concentration ctrap and a trap energy kB T0 . We discuss the layers in the
stack structure of Figure 4.1(a) of the main paper from bottom to top.
nht5:ndp2 – hole-injecting layer The HOMO energy of NHT5
was measured by UPS to be located at −5.1 eV with respect to the vacuum level. The p-doped NHT5:NDP2 layer is treated in the simulations
as a metal with a work function for hole injection equal to this energy.
α-npd – hole-transporting layer Hole transport in p-i-p stacks [10]
could be properly modeled with an α-NPD HOMO energy of −5.33 eV.
By adding the measured optical gap of 3.1 eV we put the LUMO energy
at −2.23 eV. Modeling of charge transport at various temperatures in
100 and 200 nm thick hole-only devices of α-NPD within an extended
version of the correlated disorder model (ECDM) [9] led to µ0,h = 9 ×
10−9 m2 /Vs. Analysis of hole transport in a p-i-p device with α-NPD
as the intrinsic layer led to µ0,h = 3 × 10−9 m2 /Vs [38] . We decided to
use the average of these two values for the hole mobility of α-NPD:
µ0,h = 6 × 10−9 m2 /Vs. The value taken for the electron mobility in
α-NPD is not critical. We take it 10 times smaller than the hole mobility:
µ0,e = 6 × 10−10 m2 /Vs.
α-npd:ir(mdq) 2 (acac) – phosphorescent red layer Hole
transport in p-i-p stacks [10] could only be properly modeled by assuming
a dipole layer at the α-NPD/α-NPD:Ir(MDQ)2 (acac) interface, leading
to an offset of 0.1 eV and a HOMO energy of α-NPD in this layer of
−5.43 eV. Adding the measured optical gap of 3.1 eV we put the LUMO
energy at −2.33 eV. For µ0,h and µ0,e we take the same values as in
the pure α-NPD layer. UPS measurements put the HOMO energy of
Ir(MDQ)2 (acac) 0.3 eV higher than that of α-NPD, so we put this energy
at −5.13 eV. The LUMO energy of Ir(MDQ)2 (acac) is obtained by adding
the measured optical gap of 2.2 eV, so we put this energy at −2.93 eV.
tcta:ir(ppy) 3 – phosphorescent green layer Hole transport
in p-i-p stacks [10] could be properly modeled by taking the HOMO energy of TCTA at −5.6 eV. Adding the optical gap of 3.4 eV we put the
LUMO energy of TCTA at −2.2 eV. For the hole mobility of TCTA we
take the literature value µ0,h = 2 × 10−8 m2 /Vs [39] . No literature value
of the electron mobility is known to us. The presence of electron traps
(which we do not explicitly consider in this layer) will reduce the electron mobility as compared to the hole mobility. We take the electron
mobility 10 times lower: µ0,e = 2 × 10−9 m2 /Vs. UPS measurements put
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the HOMO energy of Ir(ppy)3 0.4 eV higher than that of TCTA, so we
take −5.2 eV for this energy. The LUMO energy of Ir(ppy)3 is obtained
by adding the measured optical gap of 2.5 eV, leading to −2.7 eV.
tcta:tpbi – interlayer We take the parameters of TCTA in this
layer equal to those in the phosphorescent green layer. UPS measurements put the HOMO energy of TPBi 0.6 eV lower than the HOMO
energy of TCTA, so we take −6.2 eV for this energy. The LUMO energy
of TPBi is obtained by adding the measured optical gap of 3.6 eV, leading to −2.6 eV. We take the electron and hole mobilities of TPBi equal to
those of TCTA.
spiro-dpvbi – fluorescent blue layer Hole transport in p-i-p
stacks [10] could be properly modeled by taking the HOMO energy of
Spiro-DPVBi at −5.7 eV.
Adding the measured optical gap of 2.9 eV leads to a LUMO energy
of −2.8 eV. Modeling studies within the ECDM in n-i-n electron-only devices with Spiro-DPVBi as intrinsic layer led to a description of electron
transport with an electron mobility µ0,e = 8 × 10−9 m2 /Vs, an electrontrap concentration ctrap = 10−3 , and a trap temperature T0 = 2350 K of
the trap distribution. We take the hole mobility in Spiro-DPVBi equal to
the hole mobility in α-NPD, so µ0,h = 6 × 10−9 m2 /Vs.
net5 – electron-transporting layer In modeling studies of
electron transport within the ECDM in n-i-n electron-only devices with
NET5 as intrinsic layer a description could be obtained with a LUMO energy of NET5 at −2.5 eV. Subtracting the measured optical gap of 3.5 eV
leads to a HOMO energy of −6.0 eV. This modeling led to an electron
mobility of µ0,e = 1.5 × 10−10 m2 /Vs, an electron trap concentration
ctrap = 5 × 10−3 , and a trap temperature T0 = 1400 K of the electron trap
distribution. We take the non-critical hole mobility a factor of 10 smaller
than the electron mobility, so µ0,h = 1.5 × 10−11 m2 /Vs.
net5:ndn1 – electron-injecting layer We model this layer as
a metal with a work function equal to the LUMO energy of NET5:
−2.5 eV.
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MONTE CARLO STUDY OF EFFICIENCY ROLL-OFF
O F P H O S P H O R E S C E N T O R G A N I C L I G H T- E M I T T I N G
DIODES: EVIDENCE FOR DOMINANT ROLE OF
T R I P L E T- P O L A R O N Q U E N C H I N G

We present an advanced molecular-scale organic light-emitting diode
(OLED) model, integrating both electronic and excitonic processes. Using this model we can reproduce the measured efficiency roll-off for
prototypical phosphorescent OLED stacks based on the green dye tris[2phenylpyridine]iridium (Ir(ppy)3 ) and the red dye octaethylporphyrin
platinum (PtOEP), and study the cause of the roll-off as function of the
current density. Both the voltage versus current density characteristics
and roll-off agree well with experimental data. Surprisingly, the results
of the simulations lead us to conclude that, contrary to what is often
assumed, not triplet-triplet annihilation but triplet-polaron quenching is
the dominant mechanism causing the roll-off under realistic operating
conditions. Simulations for devices with an optimized recombination
profile, achieved by carefully tuning the dye trap depth, show that it
will be possible to fabricate OLEDs with a drastically reduced roll-off.
It is envisaged that J90 , the current density at which the efficiency is reduced to 90%, can be increased by almost one order of magnitude as
compared to the experimental state-of-the-art.1

1 This chapter is based on Van Eersel et al. Appl. Phys. Lett. 105, 143304 (2014).

93

5

94

mc study of efficiency roll-off of phosphorescent oleds

5.1

introduction

Excitonic processes play a key role in organic optoelectronic devices.
The ultimately attainable internal quantum efficiency (IQE) in e.g. organic light-emitting diodes (OLEDs), organic photovoltaic devices, and
light-emitting field-effect transistors is determined by the complex interplay of exciton radiative and non-radiative decay, diffusion and dissociation. At high excitation densities, additional quenching can occur due to
exciton-exciton and exciton-charge interactions. These bimolecular processes present a considerable challenge to the development of electrically pumped organic lasers, [1] and cause in phosphorescent OLEDs a
decrease of the IQE with increasing current density. [2,3] Elucidating the
origin of this roll-off and disentangling the roles of both types of loss
processes has been a subject of intensive study. [2–7] However, so far no
widely accepted picture has emerged. Obtaining such a picture is hampered by the need to carefully consider the strong spatial non-uniformity
of the charge and exciton densities in actual devices.
In this chapter, we focus on phosphorescent OLEDs, and demonstrate,
using experimentally determined parameters, how advanced molecularscale simulations including all charge transport and excitonic processes
can reproduce experimental roll-off curves. Furthermore, we show how
the simulations can be employed to analyze the cause of the efficiency
roll-off. In addition to possible loss processes related to non-ideal confinement of charge carriers and excitons to the thin emissive layer (EML)
which contains the dye molecules, the simulations also include the effects of triplet-polaron quenching (TPQ) and triplet-triplet annihilation
(TTA) on the efficiency roll-off. TPQ occurs upon the creation of an excited polaron state after close encounter with an exciton, after which the
excess energy is lost by thermalization, whereas TTA is caused by the
fusion of two triplet excitons to a high-energy excitonic state, followed
again by a loss of the excess energy by thermalization, so that effectively
one triplet exciton is lost. TTA [2] as well as TPQ [5,7] have been argued to
be the predominant cause of the roll-off. The experimental evidence to
support either of these points of view has been based on time-dependent
photoluminescence, [4] and steady state [2] and time-dependent [7] electroluminescence measurements. The simulations allow us to study the interplay between both competing effects, and reveal that in archetypal
OLEDs at low voltages TPQ is the predominant cause of the roll-off.
We use a kinetic Monte Carlo (MC) OLED device model within which
charge transport and excitonic processes are included in an integral manner. The model is based on hopping on a three-dimensional grid of
sites on a simple cubic lattice, representing the molecules. Charge carrier injection, transport, and exciton generation are treated as described
in Chapter 4; Coulomb interactions and image charge effects are in-

5.2 device, approach, and results

cluded. The extended model also includes exciton diffusion by both the
Förster [8] and Dexter [9] mechanisms, radiative and non-radiative decay,
exciton dissociation, and losses due to TPQ and TTA, as described further below. The model is mechanistic, i.e. based entirely on a physical
description of the processes included and using parameters that are, in
principle, measurable, so that no fitting is required. In practice, however,
not all parameters are easily experimentally accessible and we have to
use educated guesses. MC simulations have been used before in studies
of charge transport [10] and exciton transfer [11] in disordered organic materials. However, the charge transport and excitonic models have never
been integrated in a full multilayer device model.
5.2 device, approach, and results
We investigate the shape of the roll-off for two prototypical OLED stacks,
studied intensively in the literature, [2,6,12] based on the green phosphorescent emitter tris[2-phenylpyridine]iridium (Ir(ppy)3 ) and the red phosphorescent emitter octaethylporphyrin platinum (PtOEP). As the triplet
radiative lifetime of Ir(ppy)3 is much shorter than that of PtOEP (∼1 µs
vs ∼100 µs), a comparison between both devices will reveal to what extent the relative contributions of TPQ and TTA to the roll-off are sensitive
to the emissive lifetime. The layer structures are shown in Figure 5.1(a).
Both dyes are embedded in a matrix consisting of 4,4′ -bis[9-carbazolyl]2,2′ -biphenyl (CBP). This emissive layer is sandwiched between other
layers that facilitate electron and hole injection, transport and blocking.
The electrodes consist of indium tin oxide (ITO) and lithium fluoride/aluminum (LiF/Al). The simulation results are compared to the experimental data presented by Giebink and Forrest. [6]
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Figure 5.1: (a) Energy level and layer structure of the OLEDs studied.
The phosphorescent EML is sandwiched in between materials facilitating hole and electron injection, transport and blocking: CuPc (copper phthalocyanine), α-NPD (4,4′ -bis[N-(1-naphthyl)N-phenyl-amino]biphenyl), BCP (2,9-dimethyl,4,7-diphenyl,1,10phenanthroline), and Alq3 (tris[8-hydroxyquinoline]aluminum); (bd) Contribution of the various exciton decay processes in the EML
of the Ir(ppy)3 (b) and PtOEP (c) devices, and in the entire Ir(ppy)3
device (d). Only a small fraction of TTA is observed: even at voltages of 6 V and above less than 2% (0.5%) for the Ir(ppy)3 (PtOEP)
devices.

5.2 device, approach, and results

The simulation parameters used were chosen as follows. The highest occupied molecular orbital (HOMO) energies were obtained from
ultraviolet photoemission spectroscopy (UPS) [13–15] and the lowest unoccupied molecular orbital (LUMO) was obtained by adding the measured optical gap. The values are given in Figure 5.1(a). This neglects
the exciton binding energy; if taken equal for all materials, the resulting underestimation of the LUMO would result in a horizontal shift of
the J (V ) curve. We note that we do take the exciton binding energy
into account (1.0 eV for all materials) for calculating exciton generation
and dissociation rates. [16] Due to a lack of detailed information on the
charge transport parameters, we adopt for all materials and for both electrons and holes the same approximate approach, viz. Miller-Abrahams
(MA) hopping [18,19] in a random Gaussian Density of States (DOS) with
a width σ = 0.1 eV, a site density Nt = 1027 m−3 , a wavefunction decay length of λ = 0.3 nm, and a hopping attempt frequency to a first
nearest neighbor (at 1 nm distance) equal to 3.3 × 1010 s−1 at 300 K.
The latter value is a typical attempt frequency of holes in α-NPD. [21]
The same MA formalism is employed to describe exciton generation
and dissociation. Instantaneous intersystem crossing is assumed, so that
only triplets are considered. The radiative (non-radiative) decay rates
used are Γr(nr) = 1.0 (0.3) µs−1 for Ir(ppy)3 [22] and 0.010 (0.051) µs−1
for PtOEP, [23] corresponding to a photoluminescence quantum efficiency
(PLQE) equal to 77% and 16%, respectively. Triplet diffusion between the
dye molecules is described as a sum of long-range Förster processes with
a Förster radius equal to RF,diff = 1.5 nm, the approximate range found
in Ref. 24 for various materials, and short-range Dexter processes with
an exp(−2R/λ) distance (R) dependence and with a rate equal to the
Förster rate at R = 1.5 nm. The same rate was assumed for the Dexter
transfer between the host and guest molecules. The triplet energy levels
– determining the exciton diffusion – were taken from experiment [13,17]
and Gaussian excitonic energetic disorder of 0.1 eV was assumed. At
least 124 possible neighbors were considered for each charge or exciton
hop. More details on the simulation method and an overview of all parameters can be found in the “Methods and parameters” section at the
end of this chapter.
The microscopic mechanisms of TPQ and TTA are not well established.
Both Förster and Dexter mediated mechanisms have been proposed in
the literature. The overall rate may be due to a multiple-step diffusion
process preceding the final quenching or annihilation step occurring
within a small capture radius. [3,25] We assume that for TPQ and TTA the
final step occurs instantaneously upon formation of a nearest neighbor
pair and neglect any direct long-range interaction. This could be viewed
as a lower bound for the actual quenching rate, in which long-range in-
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teraction most likely will also play a role. In the case of TTA, of the two
triplets one randomly selected triplet remains after the annihilation.
Figure 5.2(a) shows that for both devices the calculated current density
vs voltage (J (V )) characteristics are reasonably close to the experimental curves, considering the assumptions made for the modeling of the
charge transport. As discussed above, a shift of the LUMO levels to take
the exciton binding energies properly into account would lead to a reduced current density, and hence to a reduced difference with the experimental curves. As the focus is on obtaining a general understanding of
the roles of TPQ and TTA, we have chosen not to improve the agreement
by further adapting the transport or energy level parameters. Instead, we
will discuss the sensitivity of the simulation results to various parameter values in a separate section at the end of this chapter. The results
suggest that the J (V ) characteristics of the complete device stack are
strongly determined by the charge-transport barriers due to the energylevel differences of the materials, and the dye trap depths. Varying the
charge carrier mobilities of the individual materials has a comparatively
small effect. Figure 5.2(b) shows that for Ir(ppy)3 also the calculated and
experimental roll-off curves agree within the error margin of the simulations. For PtOEP, the roll-off is somewhat underestimated at high current
densities. This could indicate that our nearest-neighbor assumption for
the quenching processes is too limited.
Figures 5.1(b) and (c) show the contribution of the various excitonic
loss processes in the EML in both devices. At low voltages, the only
significant loss process is non-radiative decay. As the voltage increases,
the losses due to TPQ become significant. The losses due to TTA remain
marginal. This may be understood as a result of the very small triplet
diffusion lengths in the dilute systems studied, combined with a very
small fraction of EML sites occupied by triplet excitons, shown in Figure 5.2(c). However, for the green devices not all losses are confined to
the EML: the electron blocking in the devices is found to be insufficient,
leading to a reduced recombination efficiency and some emission from
the α-NPD hole transporting layer (HTL). This was experimentally observed as a small blue spectral contribution by Giebink and Forrest. [6]
Moreover, the triplet energy level of the α-NPD is lower than the triplet
energy of Ir(ppy)3 , resulting in the transfer of triplets from the dye to
the non-emissive electron transport layer. The contribution of these two
loss mechanisms to the total efficiency of the green device is shown in
Figure 5.1(d). It can be seen that this not only causes the IQE at low
voltages to be lower than the theoretically expected 77%, as was already
suggested by Giebink and Forrest, [6] but also completely dominates the
roll-off at higher voltages. For the red devices, loss of electrons to the
HTL also plays a role, albeit only at higher voltages.2 This can be un2 See “Composition of the roll-off for the PtOEP device” at the end of this chapter

5.2 device, approach, and results

derstood by the lower LUMO and triplet energy of PtOEP: blocking of
electrons transported via the dye is more effective and loss of triplets by
diffusion into α-NPD does not occur.

Figure 5.2: (a) Simulated and experimental J (V ) characteristics. (b) Simulated
external quantum efficiency (EQE) (assuming 20% outcoupling efficiency) and experimental EQE as a function of the current density.
Experimental data from Ref. 6. (c) Fraction of EML sites occupied
by triplet excitons in the simulations.

The simulations can be employed to explore the benefits of various
modifications of the layer stack to the roll-off. Figure 5.3(a) shows the
cumulative stepwise improvement of the performance of the Ir(ppy)3 devices as obtained by (1) increasing the LUMO energy of the HTL (avoiding electron loss), (2) increasing the triplet level in the HTL (avoiding exciton loss), and (3) eliminating injection barriers, symmetrizing the layer
and energy level structure and reducing the guest HOMO and LUMO
trap depths, ∆, to 0.3 eV (Figure 5.3(b)). The beneficial effects of steps 1
and 2 have already been implemented by using thin exciton blocking layers (e.g. in Ref. 26) at the HTL/EML interface. Step 3 provides an ideal-
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ized but potentially realizable OLED layer stack, with for ∆ = 0.2–0.4 eV
a quite uniform recombination profile across the EML (Figure 5.3(c)), a
high current density at any given voltage (and hence a drastic reduction
of the overvoltage), and a high value of J90 (the current density at which
the efficiency is reduced to 90%) of 1.5 × 103 A/m2 . This value is almost
one order of magnitude larger than the highest value reported to date
for phosphorescent OLEDs. [3] Also for these improved devices, we find
that the dominant contribution to the roll-off is TPQ (see Figure 5.10).

Figure 5.3: (a) IQE and reduction of the roll-off after each improvement step (cumulative), compared to the reference case (black squares). (b) Energy
levels in the device of step 3, with perfect electron and hole blocking. (c) Normalized recombination profile for the reference case and
after step 3, for various levels of the dye trap depth ∆.

The result that a nonzero value of the dye trap depth is beneficial for
the efficiency may seem counterintuitive at first. The effect of the dye
trap depth on the efficiency of the symmetric devices is shown in Figure 5.4. While the relative IQE, ηIQE /ηIQE,max (closed symbols), increases
significantly up to ∆ = 0.2 eV, there is very little effect for deeper traps.
The increased trapping does, however, lead to an increase of the overvoltage. The open symbols in the figure show that the net result is a
rather constant power efficiency up to ∆ ∼ 0.2 eV, after which the ef-

5.3 conclusion and outlook
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ficiency decreases. This might seem to indicate that the precise value
of ∆ is irrelevant, if it is sufficiently small. However, around ∆ = 0 eV
the dissipation in the EML is a predominantly local and high-energy TPQdominated process, whereas around ∆ = 0.2 eV the dissipation is a more
global and low-energy Ohmic-loss process. Therefore, in the latter case a
significantly larger OLED lifetime is expected. An explicit study of this
trade-off on the lifetime is in progress.
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Figure 5.4: The relative IQE (black) and relative power efficiency (blue) as function of the dye trap depth, for different current densities J. For the
J (V ) characteristics used to calculate the power efficiency see Figure 5.9.

5.3 conclusion and outlook
In conclusion, a fully-integrated electronic-excitonic 3D Monte Carlo
OLED device model has been developed. Using experimentally determined parameters, the model reproduces measured roll-off curves of intensively studied phosphorescent OLEDs with strongly different efficiencies and emissive lifetimes, based on Ir(ppy)3 and PtOEP. An analysis of
the excitonic processes contributing to the roll-off reveals that – under
the assumption of instantaneous nearest-neighbor quenching – TPQ is
the dominant process and that TTA only plays a marginal role. As a next
step, we will study the effect of long-range quenching processes on the
roll-off. We have also shown that by symmetrizing the stack and by using the dye as trap we can optimize the recombination profile, thereby
reducing the roll-off. This approach may lead to OLEDs in which the
J90 value can be drastically increased beyond the values reported up till
now. Reducing the roll-off is also expected to improve the lifetime. The
model presented in this chapter can be readily applied to any arbitrary
OLED layer stack, to study the molecular-scale consequences of varying
the charge and excitonic interaction processes (e.g. thermally activated
delayed fluorescence), [27] and the operational conditions including e.g.
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the temperature and a time-dependent current density, potentially leading to further improved designs.
method and parameters
Simulation method
The kinetic Monte Carlo simulation method used is an extension of the
method described in Chapter 4, including now all excitonic processes in
an integral manner. In this subsection, we give some additional details
on the event rates used to simulate the excitonic processes.
Triplet excitons on the CBP host molecules are assumed to have an infinite lifetime. The lifetime of triplet excitons in the α-NPD layer is treated
as follows. In a neat film, they would have a long lifetime. However,
due to TPQ and TTA loss processes their lifetime is in devices quite limited. These processes are included in the simulations. However, we find
that for the Ir(ppy)3 devices tracking all accumulated triplets is relatively
computationally intensive. As the loss probability is largest for excitons
far away from the EML, so that diffusion to the EML is quite improbable, we have applied a split-HTL-layer approach. In the 20 nm closest
to the anode, triplets are lost instantaneously, whereas in the remaining 5 nm the triplet lifetime is infinite. This accelerates the simulations
without affecting the roll-off. Excitonic processes in the other layers are
insignificant.
Triplet-polaron quenching and triplet-triplet annihilation are both treated as instantaneous first nearest-neighbor processes; direct long-range
interaction is thus neglected. In the actual simulations, the transfer rate
of triplets to a site with a carrier and of triplets to a site containing another triplet is taken to be 1000 times the hopping attempt frequency,
making these processes much faster than any other process in the simulations. The sensitivity of the results to these rates is investigated in the
next section.
Overview of parameters
In Table 5.1 we present an overview of the layer thicknesses, concentrations, HOMO, LUMO, Fermi level, and triplet exciton energies (EHOMO ,
ELUMO , EF , and ET , respectively) assumed for the simulations of the
green Ir(ppy)3 and red PtOEP based devices. The HOMO and LUMO
energy levels were obtained as indicated in the main text. The triplet
energies were obtained as indicated in the table.

5.3 methods and parameters

Table 5.1: Thicknesses, concentrations, and energy levels used in the simulations.
thickness [nm]

conc. [mol%]

EF [eV]

EHOMO [eV]

ELUMO [eV]

ET [eV]

-

-

−4.7

-

-

-

CuPc

5

100

-

−5.1

−3.5

-

α-NPD

25

100

-

−5.5

−2.4

2.34a

CBP

20

95

-

−6.2

−2.6

2.52a

Ir(ppy)3

-

5

-

−5.3

−3.0

2.4b

PtOEP

-

5

-

−5.3

−3.2

1.9b

BCP

15

100

-

−6.3

−2.9

2.6a

Alq3

30

100

-

−5.8

−2.9

-

-

-

−3.1

-

-

-

material
ITO

LiF/Al

a Measured at Philips Research Aachen
b Ref. 17

In Table 5.2, an overview is given of all other simulation parameters
and their values. The hopping attempt frequency to the first neighbor,
ν1 , is based on a typical value of the mobility in the limit of zero carrier
density and zero electric field, µ0 ( T = 298 K) = 5 × 10−10 m2 V−1 s−1 , obtained from Ref. 21. From Eq. (2) in Ref. 28, ν1 = ν0 exp(−2a/λ), where
µ σ
ν0 may obtained using the relations ν0 = ea0 2 and µ0 ( T ) = µ0 c1 exp(−C2
(σ/kB T )2 ), with µ0 the mobility prefactor, c1 = 1.8 × 10−9 and c2 = 0.42
the EGDM fitting parameters, σ = 0.10 eV the width of the Gaussian
density of states, kB Boltzmann’s constant, T = 298 K the temperature, e
the elementary charge, and a = 1 nm the lattice constant.
The radiative and non-radiative decay rates are based on the values
reported in the references indicated. For CBP:PtOEP, the variation in ηPL ,
as reported from various experimental studies, is quite large, ranging
from 15% [23] to 50% [29] . The value given in Ref. 23 was chosen, because
for this value the simulated and experimental EQE curves coincide at
small current densities. All other material parameters are assumed to be
independent of the specific material. We regard their values as realistic
and representative for the class of materials used, as motivated in part in
the main text. In the next section, we discuss the sensitivity of the J (V )
and roll-off curves to various parameters.
The triplet exciton binding energy, ET,b , can be expressed as
ET,b = ELUMO − EHOMO − ET

= ELUMO − EHOMO − ∆EST − ES,b ,
where ∆EST is the energy difference between the singlet energy ES and
triplet energy, and where ES,b is the singlet exciton binding energy. For
Ir(ppy)3 , ∆EST ∼
= 0.40 eV. [17] As far as known to us, the value of ES,b for
Ir(ppy)3 is not known. ES,b is equal to the difference between the singleparticle transport gap (ELUMO − EHOMO ) and the optical gap. Djurovich
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and co-workers [30] have found that for a large number of organic semiconductor materials this energy difference is in the range 0.7 to 0.85 eV.
Their analysis was based on the results of Ultraviolet Photoelectron Spectroscopy (UPS), Inverse Photoelectron Spectroscopy (IPES), and optical
spectroscopy. The energy difference mentioned above was found for materials with a LUMO energy (as obtained by adding the optical gap to
the HOMO energy from UPS) of −2.4 to −3.5 eV, i.e. the range of values for the organic semiconductor materials studied in this chapter. ET,b
would then be in the range 1.1 to 1.25 eV. We find that the simulation
results are insensitive to the precise value of ET,b , for values larger than
approximately 0.75 eV. It is then well above the charge-transfer state exciton binding energy, which within the framework of our simulations is
equal 0.41 eV, the Coulomb interaction energy between an electron and
hole on nearest-neighbor sites. When ET,b is smaller than approximately
0.75 eV, exciton dissociation becomes significant. In view of these findings, and in view of the experimental uncertainties found in Ref. 30, we
have chosen to use a value of ET,b = 1.0 eV.
Table 5.2: Overview of the simulation parameters used.
parameter

description

value

Common parameters
ν1

hopping attempt frequency to the first neighbor

3.3 × 1010 s−1

σ

width of the Gaussian density of states

Nt

site density

λ

wavefunction decay length

0.3 nm

εr

relative dielectric constant

3.5

σT

width of the triplet exciton density of states

ET,b

triplet exciton binding energy

kD,0

Dexter prefactor

T

temperature

0.10 eV
1027 m−3

0.10 eV
1.0 eV
1.6 × 1010 s−1
300 K

Ir(ppy)3
RF,diff

Förster radius for exciton diffusiona

Γr

radiative decay rateb

1.0 µs−1

Γnr

non-radiative decay rateb

0.3 µs−1

1.5 nm

PtOEP
RF,diff

Förster radius for exciton diffusiona

Γr

radiative decay ratec

0.010 µs−1

Γnr

non-radiative decay ratec

0.051 µs−1

a Ref. 24, see also main text
b Ref. 22
c Ref. 23

1.5 nm
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Although there is thus clear experimental evidence that the LUMO energies are larger than the values given in Table 5.1, we have chosen not
to correct their values. Instead, we use ET,b and the excitonic disorder
energy σT as independent parameters, as a practical means to facilitate
the study of the role of the exciton binding energy and excitonic disorder. In the simulations, the HOMO and LUMO energies (including
disorder) determine the electron and hole transport rates, and these energies plus ET,b determine the exciton generation and dissociation rates,
as explained in the previous section. The exciton energies (including disorder) determine the exciton diffusion rates. As mentioned already in
the main text, an equal increase of the LUMO energy for all materials
will simply result in a horizontal shift of the J (V ) curves to higher voltages. As the roll-off is expressed as a function of the current density, it
does not depend on the LUMO energy.
sensitivity to parameter values
We have performed a study of the sensitivity of the current density and
the roll-off as obtained for the Ir(ppy)3 and PtOEP to various materials
parameters. Table 5.3 summarizes the results of this sensitivity analysis.
The symbols indicate a qualitative assessment of the sensitivity to parameter value changes within a margin consistent with the experimental
uncertainty or within a range as specified in the next subsection. The
sensitivity is defined with respect to the simulation uncertainty of the
J (V ) and roll-off curves.
Table 5.3: Sensitivity of the results on the parameter values. The symbols indicate a strong (+++), moderate (++), weak (+), and not observable (0)
sensitivity, as further specified in the subsection Results.
parameter

j(v) characteristics
Ir(ppy)3

Dye energy levels

PtOEP

roll-off
Ir(ppy)3

+++

Hopping attempt frequency to the first neighbor, ν1

PtOEP
+++

+

+

Disorder type

+

+

++

0

Dexter exciton diffusion prefactor, kD,0

0

0

+++

+

Triplet decay rate, Γ
TPQ rate
Dye concentration

++

0
+

0
++

++

Results
In the following overview, the findings for all parameters included in
Table 5.3 are discussed. Figures 5.5, 5.6, and 5.7 give an overview of the
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sensitivity of the J (V ) characteristics and the internal quantum efficiency
(IQE) as function of J (roll-off curves).
energy levels ptoep Figures 5.5(a) and (b) show the sensitivity to
a shift of both the HOMO and LUMO energies, with respect to the reference values of −5.3 and −3.2 eV, respectively. A shift upward of the energy levels gives rise to higher current densities, which can be explained
by the reduced effect of trapping of electrons, the dominant carriers in
the EML. This is consistent with the finding that, like for the Ir(ppy)3
devices (Figure 5.3(c)), also for the PtOEP devices the emission takes
place in a narrow zone close to the anode side of the EML. For a 0.1 eV
shift there is little effect on the roll-off. However, the efficiency decreases
somewhat for a 0.2 eV shift, and significantly for a 0.3 eV shift. From
an analysis of the composition of the loss processes, and from the shape
of the emission profile, we find that this is due to a narrowing of the
emission profile, leading to more TPQ.
hopping attempt frequency ptoep devices We have investigated the effect of a 10-fold increase of the hopping attempt frequency of
electrons and a 10-fold-decrease of the hopping attempt frequency of
holes in the EML. The effects on the J (V ) and roll-off curves are shown
in Figure 5.5(c) and (d). Increasing the electron hopping attempt frequency results in a slightly higher current density at a given voltage. A
reduced hole hopping attempt frequency has no significant effect. This
is consistent with the observation that the transport in the EML is dominated by electrons. In both cases the roll-off is slightly enhanced. This
can be explained by a slight narrowing of the emission profile.
effect of the energetic disorder type Figures 5.5(e) and (f)
show the effect of introducing dipole-correlated energetic disorder of
the HOMO and LUMO levels (see Chapter 4). The hopping attempt frequency was not changed. As the disorder is, locally, smaller, the mobility
is higher; an increase of the current density is therefore expected. Indeed,
for the Ir(ppy)3 device we obtain an increase in the current density as
compared to the reference device for the same voltage range. The effect on the IQE is more surprising: the efficiency increases for correlated
disorder. We find that this is due to a reduced electron loss to the αNPD. This can be explained as follows. In the case of random Gaussian
disorder the probability of this loss process is locally enhanced by a reduction of the blocking barrier due to the disorder. However, in the case
of dipole-correlated disorder, the local energy barriers are almost equal
to the nominal barrier, so that the blocking is more effective. For PtOEP
(results not shown), the loss to the α-NPD layer is much smaller (see the
next section). Therefore, there is no significant effect on the roll-off curve.
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A similar increase as for the Ir(ppy)3 device is observed for the current
density.
dexter exciton diffusion prefactor Figure 5.6 shows the effect of a 100-fold increase of the Dexter exciton diffusion prefactor in all
layers in the Ir(ppy)3 device. While the effect on the current density is
negligible, a significant reduction of the IQE is observed. We find that
this effect is entirely due to a strongly enhanced triplet exciton transfer
from the EML to the α-NPD layer. The effect on the diffusion in the bulk
of the EML is very small, because due to the exponential decrease of the
transfer rate the effective interaction range increases by less than 1 nm.
For the small dye concentrations considered, the effects on the shape
of the emission profile and on the TPQ rate are therefore marginal. For
the PtOEP devices, no significant effect on the roll-off was found, as
expected from the absence of triplet transfer to the α-NPD layer.
ptoep triplet decay rate A decrease of the PtOEP triplet exciton
decay rate, Γ, by a factor 3, while keeping ηPL constant, was found to
have almost no effect on the current density, whereas the current density
at which the IQE has been reduced by 50% is reduced by approximately
a factor of 5 (not shown). The loss of efficiency can be attributed entirely
to increased TPQ.
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Figure 5.5: The J (V ) characteristics (left) and roll-off curves (right) for the parameters and devices indicated in the figures, as obtained when
varying the PtOEP energy levels (a,b), the hopping attempt frequency in the EML (c,d), and the type of energetic disorder (e,f)
for the devices indicated in the figures.

tpq rate in ir(ppy) 3 devices As mentioned above, TPQ is treated
as a nearest-neighbor process with a transfer rate taken to be 1000 times
the hopping attempt frequency. In order to investigate the sensitivity to
this rate, we have carried out simulations in which this rate has been
reduced by a factor 103 and 106 . No significant change of the J (V ) curve
is observed. The roll-off curves show a slight improvement, but only at
high current densities (not shown). We find that this surprisingly small
net effect is due to an increased loss of excitons to the α-NPD layer,
which almost compensates for the reduced TPQ loss. The TTA loss is
found to remain overall marginal, although it becomes larger than the
TPQ loss when the TPQ rate is reduced by a factor 106 .

5.3 methods and parameters

Figure 5.6: Effect on the J (V ) characteristics (top) and the roll-off curve (bottom)
of a 100-fold increased Dexter diffusion prefactor for the Ir(ppy)3
devices.
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Figure 5.7: The effect of the dye concentration on the J (V ) characteristics (top)
and roll-off curve (bottom) for the PtOEP devices.

dye concentration in ptoep devices Figure 5.7 shows the effects of a change of the dye concentration in the 1–10 mol% range on
the J (V ) and roll-off curves. The current density is found to increase
significantly with the dye concentration, as would be expected from the
increased transport due to easier dye-dye percolative transport. The rolloff decreases significantly with increasing dye concentration, which can
be attributed to a widening of the emission profile as a result of the enhanced hole mobility in the EML. For the 10 mol% case, emission from
the entire EML is observed.
composition of the roll-off for the ptoep device
Figure 5.8 shows that, as in the Ir(ppy)3 device, also in the PtOEP device
part of the loss occurs in the α-NPD HTL, albeit only at high current
densities. The reduced α-NPD loss can be understood partly from the
lower LUMO level of PtOEP: the electron blocking is more effective and
electron trapping is stronger. The latter effect gives rise to a broader
emission profile as compared to the Ir(ppy)3 device (not shown), which
indicates that a smaller fraction of the electrons reaches the anode side

5.3 methods and parameters

of the EML. Moreover, unlike the Ir(ppy)3 device, the triplet energy level
of PtOEP is lower than that of α-NPD, so that transfer of triplets to the
HTL does not occur.
1.0

Fraction of events

loss in HTL
non-radiative decay

0.8

in EML

triplet-triplet

0.6

annihilation
triplet-polaron

0.4

quenching

0.2

radiative decay
0.0
4

5

6

7

Voltage,

8

9

10

V [V]

Figure 5.8: The composition of the roll-off for the red PtOEP device, including
all events in the entire device.

Figure 5.9: The J(V) characteristics for the idealized devices as function of the
dye trap depth ∆. For comparison, also the simulated curve for the
original green device is shown (black symbols, dashed curve).

j(v) curves and roll-off composition in idealized oled
layer stacks
The idealized devices, as discussed in the second part of the chapter,
have much less overvoltage than the green reference device and hence
a much higher current density for the same voltage range, as shown in
Figure 5.9. As can be clearly seen from the figure, the current density at
a given voltage depends strongly on the dye trap depth ∆. Even at high
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voltages, triplet-polaron quenching remains for all values of ∆ considered the dominant loss process, as can be seen from Figure 5.10(a–c).

Figure 5.10: The voltage dependence of the composition of the roll-off for the
idealized devices, for trap depths ∆ = 0.0 (a), 0.2 (b), and 0.4 eV (c).
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KINETIC MONTE CARLO STUDY OF
T R I P L E T- T R I P L E T A N N I H I L AT I O N I N O R G A N I C
PHOSPHORESCENT EMITTERS

The triplet-triplet annihilation (TTA) rate in organic phosphorescent materials such as used in organic light-emitting diodes is determined predominantly either by the rate of single-step Förster-type triplet-triplet interactions, or by multi-step triplet diffusion. We show how kinetic Monte
Carlo simulations may be used to analyze the role of both processes. Under steady state conditions, the effective triplet-triplet interaction rate
coefficient, kTT , which is often regarded as a constant, is found to depend actually on the number of excitons lost upon a triplet-triplet interaction process and to show a significant higher-order dependence on
the triplet volume density. Under the conditions encountered in transient photoluminescence (PL) studies, kTT is found to be effectively constant in the case of diffusion-dominated TTA. However, for the case of
single-step TTA, a strongly different decay of the emission intensity is
found, which also deviates from an analytic expression proposed in the
literature. We discuss how the transient PL response may be used to
make a distinction between both mechanisms. The simulations are applied to recently published work on the dye concentration dependence
of the TTA rate in materials based on the archetypal green emitter tris[2phenylpyridine]iridium (Ir(ppy)3 ).1

1 This chapter is based on Van Eersel et al., J. Appl. Phys 117, 115502 (2015).
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6.1

introduction

At low current density and luminance levels, the internal quantum efficiency (IQE) of organic light-emitting diodes (OLEDs) containing Ir- or
Pt-based phosphorescent emitters can reach values approaching 100%. [1–3]
In these materials, the spin-orbit interaction induced by the heavy-metal
atoms gives rise to exciton states with a quantum-mechanically mixed
singlet and triplet character. Due to fast intersystem crossing (ISC), singlet states are almost instantaneously converted to triplet states, so that
virtually all emission is due to phosphorescence. At high current densities, the IQE of phosphorescent OLEDs can show a strong roll-off. [4] One
of the quenching mechanisms contributing to the roll-off is triplet-triplet
annihilation (TTA). In the dilute host-guest emissive layer materials used
commonly in phosphorescent OLEDs, TTA is viewed to be caused by a
dipole-dipole (Förster-type) energy transfer process, again made possible by the admixture of a small amount of singlet character. [5,6] A TTA
event may then be indicated schematically as T1 + T1 → S0 + Tn →
S0 + T1 or T1 + T1 → S0 + Tn → S0 + S0 , depending on how many excitons are lost. Firstly, a triplet exciton is transfered to a molecular site at
which a second triplet resides, leaving the first molecule in the ground
state S0 . The second molecule is excited to a higher triplet state, Tn . Subsequently, the excited triplet relaxes non-radiatively to either T1 or S0 ,
so that either one or both triplets are lost. The overall rate of the process is determined by the first step. We note that TTA processes can, in
principle, also give rise to a singlet excited state (S1 ). [7–9] However, for
phosphorescent emitters, these states are almost immediately converted
to triplets due to ISC, as mentioned above. Two extreme cases may be
considered: (i) TTA occurs after exciton diffusion via intermediate dye
molecules until the two excitons are at a distance less than a certain
(small) capture radius (“multi-step”), or (ii) TTA occurs in between essentially immobile excitons as a result of a single long-range Förster-type
dipole-dipole interaction process (“single-step”).
The multi-step diffusion mechanism has been suggested first by Baldo
et al., [10] based on the observation from a transient photoluminescence
(PL) study [11] that the TTA rate in dilute systems increases with increasing emitter concentration, as would be expected in the case of triplet
percolation between nearby emitter molecules. Namdas et al. [12] and Ribiere et al. [13] adopted this point of view, and deduced from transient PL
studies for a series of dendrimers with a tris(2-phenylpyridine)iridium
(Ir(ppy)3 ) core that the exciton hopping rate decreases exponentially
with the hopping distance (R), consistent with an exchange (Dexter-type)
interaction with a rate proportional to exp(−2R/λ). For the two sets of
materials studied, including in Ref. 13 blends with a host material, the
interaction decay length λ was found to be approximately 0.2 nm (Ref.
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12) or 0.6 nm (Ref. 13). A similar analysis was recently presented by
Zhang and Forrest, [14] who studied three archetypal phosphorescent organic light emitters based on Ir or Pt dye-complexes, including Ir(ppy)3
in a 4,4′ -N,N ′ -dicarbazole-biphenyl (CBP) host. From a study of the concentration dependence in the 2–16 vol% range, the authors argued that
analyses in terms of the single-step mechanism would give rise to unrealistically large dipole-dipole interaction radii, and that Dexter-type triplet
diffusion is rate-determining down to the smallest dye-concentration included. For the Ir(ppy)3 -based systems, the concentration dependence
of the TTA rate was argued to be consistent with an interaction decay
length λ = 1.6 nm. Interestingly, this value of λ is well outside the range
of values deduced from experiment in Refs 3 and 4, discussed above, as
well as the 0.1–0.3 nm range obtained typically for the electron or hole
wavefunction decay length from charge transport studies. [15–17]
In contrast, Staroske et al. have argued that at least for small emitter
concentrations the single-step dipole-dipole mechanism is dominant. [18]
In this study, and in subsequent work by Reineke et al., [19] an effect of
the concentration on the TTA rate observed in Ir(ppy)3 -based systems
was regarded at least partially as of an extrinsic origin, resulting from
fast diffusion on dye aggregates. We note that the studies of TTA in
Ir(ppy)3 -based materials have been carried out for different matrix materials, including CBP, [10,13,14,20] 4,4′ ,4′′ -tris(N-carbazolyl)-triphenylamine
(TCTA), [6,19] and a blend of bisphenol-A-polycarbonate and N,N ′ -diphenyl-N,N ′ -bis(3-methylphenyl)-(1,1′ -biphenyl)-4,4′ -diamine (PC and TPD), [21]
and that the effect of the matrix due to e.g. different degrees of triplet
confinement on the guest and a different sensitivity to aggregation cannot be excluded.
In this chapter, we first set out to make a step back, by investigating,
using a kinetic Monte Carlo (MC) method, the validity of the underlying
assumptions of the analyses used in the previous work. MC simulations
have been applied earlier to study exciton diffusion and relaxation processes in organic materials [22–24] and excitonic processes determining the
efficiency of photovoltaic devices. [25–27] We employ MC simulations to
study how in a transient PL experiment the time-dependent emission
varies as a function of both the dye and triplet exciton concentrations,
for a range of realistic microscopic-scale parameters which describe the
exciton diffusion and long-range dipole-dipole interaction processes. We
consider a mixed mechanism in which both processes are included. As
shown schematically in Figure 6.1, the TTA rate is then at small dye concentrations determined predominantly by the rate of long-range dipoledipole interactions, and it is enhanced by diffusion at large dye concentrations. In the presence of strong diffusion, when the multi-step mechanism is operative, the commonly used simplifying assumption that the
TTA rate is proportional to the square of the triplet volume density,

119

120

kmc study of tta in organic phosphorescent emitters

so that the effective triplet-triplet rate coefficient is independent of the
triplet density, is found to be valid. However, in the absence of diffusion,
i.e. in the single-step regime, we find that these assumptions do not hold
anymore. We find that, as a consequence, the effective triplet-triplet rate
coefficient which would follow from transient photoluminescence measurements can depend on the method of analyzing the data, and that
the triplet-triplet rate coefficient which would follow from analyses of
steady-state or transient experiments can be significantly different. The
latter result is relevant when analyzing the efficiency loss processes leading to the roll-off of OLEDs under steady-state conditions. Furthermore,
we find that then an often used analytical approach for TTA in a dilute
host-guest system, within which the excitons are placed in an ordered
manner on the points of a simple cubic grid with a site density equal to
the exciton density (see e.g. Ref. 12–14), is an oversimplification due to
the neglect of the randomness of the exciton positions. We also show to
what extent an expression for the time-dependence of the PL intensity
in this regime, given in Refs 18, should be corrected for an inconsistency
already noted in Ref. 14.
The simulations thus show that, in general, the TTA rate cannot be described simply as a product of a constant triplet-triplet interaction coefficient times the square of the triplet volume density. Instead, a sufficiently
complete description can only be given in terms of the microscopic scale
parameters governing the exciton diffusion and dipole-dipole interaction rates. As a next step, we investigate the consequences of this finding
for the analysis of transient PL studies of phosphorescent materials. We
show from Monte Carlo simulations that for devices such as studied in
Ref. 14 the conventional method for analyzing the transient PL cannot
be used to make a distinction between the single-step and multi-step processes, given the realistic experimental accuracy. In Ref. 14, the results
of additional spectroscopic measurements were used to enable making
such a distinction. As an alternative, we propose to exploit the dependence of effective triplet-triplet rate coefficient on the analysis method,
mentioned above, for that purpose.
The chapter is organized as follows. In Section 6.2, we use MC simulations to analyze the TTA rate under steady-state conditions. In Section 6.3, we focus on the time-dependence of the emission intensity as
observed in transient PL experiments for a wide range of parameter
values describing the single-step Förster-type and multi-step diffusion
contributions. Based on these simulation results, the novel method for
determining the predominant mechanism from the PL decay, mentioned
above, is described. A comparison is given with the experimental results
for Ir(ppy)3 -based materials studied in Ref. 14. Section 6.4 contains a
summary and conclusions.

6.1 introduction

Figure 6.1: Schematic diagrams indicating the relevant TTA mechanisms in matrix:emissive dye systems. TTA is described as resulting from a
Förster-type interaction between two excitons (wavy curves). Multistep Dexter-type exciton diffusion (black arrows) is a relatively shortrange process, which can contribute to the TTA rate at large dye
concentrations (right figure). At small dye concentrations (left figure), diffusion cannot contribute significantly (red crosses) due to
the large distance between dyes, so that TTA is a single-step process. Matrix sites and excited (non-excited) dye-sites are indicated
by small dots and closed (open) spheres, respectively. Dashed circles around the interacting excitons indicate which neighbor sites
are at a distance smaller than the triplet-triplet Förster radius.
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6.2

monte carlo simulation of steady-state triplet-triplet
annihilation

6.2.1 Simulation approach
Under steady-state conditions, the triplet rate equation describing the
effects of radiative decay and bimolecular annihilation processes is given
by
dT
T
= G − − f kTT T 2 = 0,
dt
τ

(6.1)

with T the triplet volume density, G the triplet generation rate, τ the
triplet lifetime, f the annihilated fraction per triplet-triplet interaction
event (1/2 or 1 if one or both triplets are annihilated), and kTT the triplettriplet interaction rate coefficient. Although not explicitly indicated, kTT
may depend on the triplet density. The triplet-triplet interaction of a first
exciton with a second exciton at a distance R is described as a Förster
transfer process with a rate
(
)
1 RF,TT 6
rF,TT ( R) =
,
(6.2)
τ
R
where RF,TT is the Förster radius for this process. In order to deduce kTT
from Monte Carlo simulations, we study devices in which the molecular
sites are points on a simple cubic lattice with an intermolecular distance
a0 = 1 nm. The layer thickness is 250 nm and the system lateral area is
25,000 nm2 ; in the two lateral directions periodic boundary conditions
are applied. The simulations were carried out using the methodology
presented in Chapter 3. At the start of the simulations, a predetermined
number of triplets [11] is present at random dye sites, corresponding to
a triplet concentration cT . The triplet volume density is thus T = cT a0−3 .
The triplets can decay radiatively or they can be involved in a TTA process, upon which a loss of one or both triplets involved occurs (depending on the value of f ). After such a process, one or two triplets are added
at random dye sites, in order keep the triplet concentration fixed. From
Eq. (6.1), the probability pTTA that an exciton is lost due to TTA is given
by
pTTA =

f kTT T
,
1/τ + f kTT T

(6.3)

which implies that
1
kTT ( T, f ) =
f τT

(

1
pTTA

−1

) −1
.

(6.4)

Statistically accurate values of the loss probabilities pTTA were obtained
by following the system during 50 to 100 times the radiative lifetime.

6.2 mc simulation of steady-state tta

We focus on the dynamic equilibrium situation, obtained after an initial
equilibration period which typically ended after 10 times the radiative
lifetime. In each case, several millions of radiative decay or TTA events
were recorded.
6.2.2

No triplet diffusion

In this subsection, we study the TTA probability pTTA in the absence of
triplet diffusion. We consider systems for which the dye volume density is much larger than the triplet volume density, as in all systems
studied experimentally. The TTA probability is then independent of the
dye volume density. Figure 6.2 shows the triplet concentration dependence of the dimensionless quantity kTT τ/a30 , obtained for values of
RF,TT equal to 3 and 5 nm, and for TTA upon which one (spheres) or
both (triangles) triplets are lost. The triplet concentration range considered coincides with the range of starting concentrations employed in Ref.
14. The simulation for RF,TT = 3 nm was included as this value was for
Ir(ppy)3 deduced theoretically from an analysis of the triplet emission
and absorption spectra. [14] As the experimental results (shaded area in
the figure) are indicative of value of RF,TT larger than 3 nm, also results
for RF,TT = 5 nm were included. It is generally assumed that the ‘one
triplet lost’ scenario is most relevant to phosphorescent host-guest materials used in OLEDs. The comparison with the ‘two triplets lost’ scenario
shows that at least part of the increase of kTT with increasing triplet concentration is due to the effect of continuously adding excitons at random
positions in order to maintain a constant exciton concentration. For the
‘two triplets lost’ scenario the resulting continuous short-distance triplet
pair formation rate is larger than for the ‘one triplet lost’ scenario, so
that the annihilation rate is larger.
The dependence of kTT on RF,TT may be understood by considering the
emission efficiency from excitons surrounded by quencher molecules. In
Ref. 28, this quencher method has been first applied to study the effect
of TTA on the transient PL signal. The effective TTA rate coefficient as
obtained from such an analysis is not expected to be necessarily the same
as the coefficient obtained under steady state conditions. We will argue
below that the application of the quencher method provides the rate
coefficient which would be expected within a ‘no excitons lost’ scenario.
The steady-state TTA rate may be deduced as follows. From the work of
Förster, [5] the fraction of excitons which is lost due to Förster transfer to
randomly distributed quenching sites with a volume density Q is given
by
( √ )
(π )
C π
π
C2 erfc
pq = C exp
,
(6.5)
2
4
2
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Figure 6.2: Dimensionless steady-state triplet-triplet interaction rate coefficient
in the absence of exciton diffusion, as a function of the triplet concentration and for various values of the RF,TT . The solid and dashed
curves give the analytical results obtained from Eq. (6.6) (this chapter) and from Eqs (4) and (5) in Ref. 14, respectively. The spheres and
triangles give for RF,TT = 3 and 5 nm the results of MC simulations
with a loss of 1 or 2 triplets per interaction process, respectively. The
squares give for RF,TT = 5 nm the results of special MC simulations
using the quenching probability of single excitons surrounded by
quenching sites with a concentration cq = cT (see text). The shaded
region indicates the experimental range as observed from PL transients for a concentration cT,0 ∼ 0.002 in Ref. 14.

6.2 mc simulation of steady-state tta

with erfc the complementary error function and C ≡ (4π/3) R3F,TT Q ≡
VF Q. In analogy to Eq. (6.4), the quench rate coefficient kq is then given
by
1
kq ( Q) =
τQ

(

1
−1
pq ( Q )

) −1
.

(6.6)

The triplet-triplet interaction rate coefficient at a triplet volume density
T is then equal to 2kq ( Q = T ). The factor 2 arises in order to take into
account that within the quenching process only unidirectional Förster
transfer is included. It is of interest to express the final result, obtained
by combining Eqs (6.5) and (6.6), in the form of a series expansion:
kTT ( T ) = π

(π
)
]
VF [
1+
− 1 VF T + O((VF T )2 ) .
τ
2

(6.7)

The zeroth-order term expresses that at small triplet concentrations the
TTA probability pTTA is of the order of the probability of finding an
excited molecule within a volume VF with radius RF,TT . The higher-order
terms are small as long as that probability is much smaller than 1. Apart
from the factor of two, mentioned above, the zero-order term is wellknown from the literature on the quench rate coefficient. [29]
As may be seen from Figure 6.2, the analytical result (solid curves)
is for small triplet concentrations in excellent agreement with the MC
results. Just like the simulation results for the case of loss of one or
two triplets, an increase of kTT with the triplet concentration is expected
from Eq. (6.7), albeit weaker than as found from the simulations within
the ‘one exciton lost’ or ‘both excitons lost’ scenarios. This may be understood by noting that the quencher-method does not include a replacement of excitons which have decayed radiatively or have been quenched,
so that excitons which at the moment of their introduction in the system
were quite isolated remain isolated. The analytical quencher-method results are consistent with the results of special MC simulations. In these
special simulations we calculate the quenching probability for single excitons added at random dye sites in a system containing a random distribution of quencher sites. Förster transfer to these quencher sites is
immediate followed by non-radiative decay. This is shown in Figure 6.2
for the case of RF,TT = 5 nm (squares).
The zero-diffusion limit is expected to be most directly relevant to
systems with a small dye concentration, so that long-range diffusion is
severely hampered by a lack of percolation pathways. Although the values of kTT as obtained for steady-state conditions can in general not be
used to analyze result of transient PL experiments, as will be shown
below, it is nevertheless of interest to make a preliminary comparison
with experiment. In Figure 6.2, the range of values of kTT as deduced
from transient experiments is shown (shaded region) for systems with
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a small (2 vol%) concentration of the phosphorescent emitters Ir(ppy)3 )
and bis(2-phenylpyridine)(acetylacetonate)iridium (Ir(ppy)2 (acac)) in a
CBP host. The data were obtained in Ref. 14 from PL transients with at
t = 0 a spot centre concentration around cT,0 ∼ 0.002. If these systems
are well below the percolation threshold, so that almost no exciton diffusion takes place, this comparison with steady-state simulation results
would be indicative of Förster-radii around 5 nm. We discuss below the
effects of exciton diffusion and of the transient nature of the experiment.
Figure 6.2 (dashed lines) also shows the triplet concentration dependence kTT τ/a30 ∼ 8( RF,TT /a0 )6 cT as deduced in Ref. 14 when neglecting
the positional disorder of the triplets by positioning them on a simple cubic lattice. This is an oversimplification, as it may be seen that kTT is then
drastically underestimated. An analysis of transient PL data using this
model, as was done in Ref. 14, would lead to a drastic overestimation of
the Förster radii (up to ∼11 nm).
6.2.3 Effect of exciton diffusion on the steady-state TTA rate
In this subsection, we describe TTA as a mixed process, in which the
final TTA-inducing Förster triplet-triplet interaction step is preceded by
multi-step triplet diffusion. Both Dexter and Förster mediated diffusion
are included, with distance (R) dependent hop rates given by
(
)
2R
rD,diff ( R) = kD,0 exp −
(6.8)
λ
and
1
rF,diff ( R) =
τ

(

RF,diff
R

)6
,

(6.9)

respectively. Here kD,0 is the Dexter hop rate in the zero-distance limit,
λ is an effective interaction decay length related to the electron and hole
wavefunction decay lengths, and RF,diff is the Förster radius for triplet
exciton diffusion. Just like Förster-mediated TTA, also Förster-mediated
exciton diffusion is made possible by a small quantum-mechanical admixture of singlet character in the wavefunctions of the predominantly
triplet-type excitons on the phosphorescent dye molecules used.
As an example, we analyze the role of diffusion for the case RF,TT =
5 nm. From the analysis given in the previous subsection, this value is
expected to provide an appropriate first estimate for the Ir(ppy)3 -based
−1/3
materials studied in Ref. 14. Figure 6.3 shows the a ≡ cdye
dependence
of kTT at cT = 0.002 (solid curves) and 0.001 (dashed curves) for three
values of kD,0 , as obtained from steady-state MC simulations. A small
Förster-type contribution to the triplet diffusion is included, characterized by a Förster radius equal to RF,diff = 1.5 nm, intermediate between
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Figure 6.3: Triplet-triplet interaction rate coefficient as a function of the average
guest intersite distance (lower scale) or the dye concentration (upper
scale) as obtained from MC simulations under steady-state conditions (solid and dashed curves), for the case RF,TT = 5 nm and for
the triplet concentration and diffusion rate parameters given in the
figure. For all cases, the data points were obtained for the dye concentrations indicated as small dots on one of the solid curves. The
open circles give the experimental results for Ir(ppy)3 -based materials, obtained from transient PL experiments in Ref. 14.

typical experimental and theoretical values. [30] However, this is found to
provide no significant contribution to the TTA rate. The simulations were
carried out for a value λ = 0.3 nm, which is within the 0.2–0.6 nm range
obtained from Refs 12 and 13, and for a range of values of kD,0 which
from a comparison with the experimental data for the Ir(ppy)3 -based
systems (open spheres in Figure 6.3) are expected to include a best-fit
value. The simulations were carried out for 40 nm layers, as studied experimentally. This was found to introduce only a slight reduction of kTT ,
around 5%, due to the reduced number of neighbor dye molecules near
the surfaces. A triplet decay time τ = 1.0 µs is used, a0 = 1 nm, and a
loss of one triplet per TTA process is assumed. As a reference, the horizontal dashed line gives the value of kTT in the zero-triplet density and
zero-diffusion limit for an infinitely thick layer, obtained from Eq. (6.7).
The figure shows that at sufficiently small dye concentrations (large a),
kTT becomes independent of the dye concentration, and is determined
only by the single-step process. A comparison between the simulated
and experimental dye-concentration dependence in the 8–16% range
(a = 1.8–2.3 nm) would suggest a value of kD,0 around 1.0 × 1011 s−1 ,
when making a comparison with the cT = 0.002 simulation results and
when assuming RF,TT = 5 nm. However, as a result of the triplet concentration dependence of kTT , it is necessary to explicitly consider the
evolution of the quenching process during a transient PL experiment, as
will be done in the next section.
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6.3

monte carlo simulation of pl transients

6.3.1 Simulation approach and analysis methods
In order to investigate to what extent transient PL studies probe the
steady-state value of kTT , we have carried out kinetic Monte Carlo simulations of the transient emission process. For that purpose, the time dependence of the emission is recorded after introducing at t = 0 triplets at
random dye molecules in 40 nm thick layers, with a starting concentration cT,0 = 0.002. A loss of one triplet per triplet-triplet interaction event
was taken, the often-assumed value ( f = 1/2). Typically, a lateral area of
400,000 nm2 was considered (with periodic boundary conditions in the
lateral directions), so that in each case the emission resulting from the
generation of 32,000 excitons was studied. All simulations were done for
τ = 1 µs and a0 = 1 nm.
Figure 6.4(a) shows a typical result, obtained for a 16 mol% layer with
RF,TT = 5 nm, λ = 0.3 nm and kD,0 = 1012 s−1 . The simulations reveal a
very fast initial drop of the emission rate: at the first data point shown
(at 0.04 µs) it has already decreased by approximately 25% with respect
to the value expected at t = 0 without TTA. A fair fit to the simulated
PL intensity I (t) beyond this short initial period can be made using the
expression
I (t)
2
=
,
I (0)
(2 + T0 kTT τ ) exp(t/τ ) − T0 kTT τ

(6.10)

with T0 = cT,0 a0−3 the initial triplet volume density. Equation (6.10) is
the well-known solution of Eq. (6.1) for the case of a rate coefficient
kTT which is independent of the triplet concentration and for f = 1/2.
This expression, or a modified version which takes the effect of the T0
variation across the optical spot into account, is conventionally used to
analyze the experimental data (e.g. in Ref. 14). The value of kTT could
then be obtained from a least-squares fit to the measured log-I (t) curve.
However, such a fit is quite sensitive to the noise which is found in actual
experiments as well as in simulations (see figure (a)), and also to the fast
initial drop of the intensity, mentioned above.
As a first alternative and more practical method, we therefore analyze
the simulation data using the cumulative PL intensity, as shown in figure
(b). We deduce a value kTT,1 using Eq. (6.10) from the time t1/2 at which
half of the time-integrated emission has taken place (Figure 6.4(b)). Note
that this is not the time at which the intensity has decreased to 50 % of
the initial value. The red curve through the data points shown in Figure 6.4(a) shows the emission decay as given by Eq. (6.10), with this rate
coefficient and with the value of I (0) taken as an adjustable parameter. This approach leads to a good fit of the simulation data. However,
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Figure 6.4: Example of kinetic MC simulation results of a transient PL experiment, and of their analysis. (a) Time-dependent normalized PL intensity for the parameter values as indicated in the figure, and a fit
based on Eq. (6.10) (solid red curve). The short-dashed line gives
the PL intensity without TTA. (b) Normalized cumulative photoluminescence, for the case studied in figure (a) (black spheres), and a
fit based on Eq. (6.10) (red curve). The resulting t1/2 time is also indicated. (c) Triplet-triplet interaction rate coefficients kTT,1 (solid red
spheres) and kTT,2 (solid blue squares) as deduced from the simulated transient PL intensity for systems as specified in figure (a), but
with a variable dye concentration (and thus average guest intersite
distance), for cT,0 = 0.002. For comparison, the values of kTT as obtained under steady-state conditions at cT = 0.002 (solid curve) and
the experimental values as obtained in Ref. 14 for Ir(ppy)3 -based
materials (open circles) are also included.
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Eq. (6.10) then does not predict the fast decay observed in the first 40 ns
time interval; the best fit value I (0) is smaller than 1, viz. approximately
0.8.
The dye concentration dependence of kTT,1 is shown in Figure 6.4(c)
(closed red spheres). For the 2 mol% devices no significant difference
is found from simulations with cT,0 = 0.001 and 0.004 (not shown), but
for larger dye concentrations a small dependence on the initial triplet
density is found, up to approximately ± 15% for the 16 mol% devices.
The relative change of kTT,1 with the dye concentration is quite similar to
that obtained under steady steady-state conditions, as may be seen from
a comparison with the steady-state values obtained for cT = 0.002 (solid
curve in Figure 6.4(c)). However, the absolute value of the quantity kTT,1
deduced from a transient PL experiment is significantly smaller.
The example given above shows that Eq. (6.10) provides at best only
an approximation. We ascribe this to a contribution of direct Förstertype transfer to the TTA rate. Engel et al. [28] have analyzed TTA due to
direct Förster-type transfer, i.e. in the absence of diffusion. The authors
proposed that the exact expression for the decay rate of the emission of
excited randomly dispersed donors surrounded by randomly dispersed
quenching sites, obtained by Förster, [5] may be used to deduce an effectively time-dependent value of kTT in a transient PL experiment in which
single-step Förster transfer determines the rate:
√
2
π
kTT (t) = πR3F,TT
,
(6.11)
3
τt
and that from Eq. (6.1) the PL intensity then would be given by
( )
exp − τt
I (t)
=
(√ ) ,
I (0)
2 2
t
3
1+ π fT R
erf
3

0

F,TT

(6.12)

τ

with erf the error function. [5] However, this result is at best a first approximation, because, as pointed out already by Zhang and Forrest, [14]
in the derivation the time-dependence of the triplet density was not
consistently included. We have investigated the accuracy of Eq. (6.12)
by carrying out a series of MC simulations without diffusion. Periodic
boundary conditions were employed. In all cases studied, the TTA rate
is somewhat larger than expected from from Eq. (6.12), so that the initial
PL decay is somewhat faster. As an example, Figure 6.5 shows the result
for a system with RF,TT = 6 nm, with an initial triplet concentration cT,0 =
0.002. The emission from 1,280,000 excitons was recorded. A convenient
measure of the difference with Eq. (6.12) (solid red curve) is provided
by the overall (time-integrated) PL efficiency, relative to the efficiency in
the zero-T0 limit,
ηPL,rel ( T0 ) ≡

ηPL ( T0 )
.
ηPL (0)

(6.13)
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Figure 6.5: Time-dependent PL intensity for a system without exciton diffusion, with RF,TT = 6 nm. Closed spheres: result from MC simulations. Solid red curve: prediction from Eq. (6.12). Long green (short
blue) dashed curves: fit to the simulated data using Eq. (6.10),
with the rate coefficients kTT,1 = 1.23 × 10−18 s−1 and kTT,2 =
3.62 × 10−18 s−1 , respectively. The kTT,1 -curve has been renormalized (vertically shifted) such that a fair fit is obtained for a time
larger than 0.1 µs.

For the case studied, the MC simulation yields ηPL,rel = 0.422, whereas
Eq. (6.12) yields ηPL,rel = 0.515. From Table 6.1, which gives an overview
of ηPL,rel for other values of RF,TT and cT,0 , it may be seen that Eq. (6.12)
indeed systematically underestimates the fraction of triplets lost due to
TTA.
Table 6.1: Comparison of the relative PL efficiency ηPL,rel as obtained from MC
simulations without diffusion with the theoretical value as deduced
from Eq. (6.12), for various Förster radii RF,TT and initial triplet concentrations cT,0 .

ηPL,rel
RF,TT [nm]

cT,0

MC simulation

Eq. (6.12)

3

0.002

0.853 ± 0.004

0.890

5

0.001

0.718 ± 0.005

0.779

5

0.002

0.555 ± 0.003

0.643

5

0.004

0.383 ± 0.002

0.480

6

0.002

0.422 ± 0.002

0.515

Although Eq. (6.10) was found to provide a fair description of the transient PL emission intensity (see Figure 6.4(a)) for a case in which diffusion contributes significantly to the TTA rate, apart from a very short initial drop, it is in the single-step limit less accurate in a much wider time
interval. This may be seen from Figure 6.5, in which the long-dashed
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(green) curve shows a fit to the data using Eq. (6.10), with the rate coefficient kTT,1 as obtained from the t1/2 time and with a re-normalization
such that the simulation data and the fit curve quite optimally coincide
for a time larger than 0.1 µs. Within the kTT,1 -method, the short initial
phase with a relatively large TTA rate obtains apparently a relatively
low weight. It is therefore of interest to consider a second approach for
deducing a value of kTT from the transient PL data. For that purpose,
we do not use the shape of the transient PL curve, as for kTT,1 , but the
time-integrated relative PL intensity, defined by Eq. (6.13). For the case
of a constant value of kTT , it follows from Eq. (6.10) that
(
)
2 ln 2+T02k τ
TT,2
ηPL,rel ( T0 ) = −
,
(6.14)
T0 kTT,2 τ
with kTT,2 = kTT . We use this expression as an implicit definition of a
second value of triplet-triplet interaction rate coefficient, kTT,2 . When kTT
is constant, kTT,2 = kTT,1 . However, when the effective value of kTT decreases with time, kTT,2 will be larger than kTT,1 , since more weight is
given to the initial high-intensity part of the decay curve. Indeed, the
ratio
r≡

kTT,2
,
kTT,1

(6.15)

as found from MC simulations without diffusion for RF,TT = 3, 5 and 6
nm, is equal to 1.8, 2.4 and 2.9, respectively. Figure 6.4(c) (blue squares)
shows that even when diffusion is included kTT,2 can be significantly
larger than kTT,1 (red spheres). The values of kTT,2 deduced using Eq. (6.14)
from transient PL measurements are still somewhat smaller than the
steady state values for a triplet concentration equal to the initial value in
the PL experiment. For the example given in Figure 6.5, neither the kTT,1 method (green long-dashed curve) nor the kTT,2 -method (blue shortdashed curve) provides a satisfactory fit of the simulation data. However,
we show in the next subsection that it is useful to evaluate the ratio r as
a means to make a distinction between the single-step and multi-step
processes.
In the case of diffusion-dominated TTA, the triplet-triplet interaction
rate coefficient depends on the diffusion coefficient, D. For an ordered
simple cubic lattice, D is written as D = a2 rdiff,tot ( a)/6, with a the average nearest-neighbor distance between the dye molecules, and with
rdiff,tot ( a) the effective total rate of exciton hops over that distance. In a
transient PL experiment, kTT is (from Ref. 28) given by
(
)
Rc
kTT (t) = 8πDRc 1 + √
.
(6.16)
2πDt

6.3 monte carlo simulation of pl transients

Here, Rc is an effective capture radius. The triplet-triplet interaction rate
coefficient is thus effectively enhanced at short times. However, paradoxically, this is expected to be least relevant for the case of a large diffusion
coefficient (in our case: large kD,0 and cdye ) and a small capture radius
(small RF,TT ). In the next subsection, we show that indeed for sufficiently
strong diffusion the ratio r becomes very close to 1.
6.3.2

Results, analysis and discussion

In this subsection, we study the dependence of the transient PL response
on the relevant interaction parameters, RF,TT , kD,0 , and λ, and on the
dye concentration. A comparison is given with the experimental results
of Ref. 14 for Ir(ppy)3 -based systems, in order to investigate whether
a conventional (kTT,1 ) analysis could be used to separately deduce the
three interaction parameters, so that a distinction between the two mechanisms can be made. The dependence on the wavefunction decay length
was studied by carrying out two sets of simulations, assuming Dexter
diffusion with either λ = 0.3 nm or λ = 1.6 nm. The former value is typical for the hole and electron wavefunction decay length as found from
charge transport studies, [15–17] and was employed in Section 6.2.3. The
latter value was in Ref. 14 found to provide a good description of the
experimental Ir(ppy)3 data when assuming strong Dexter-type diffusion
in combination with the value of RF,TT as deduced from spectroscopic
experiments. Throughout this section, we give the dye-concentration dependence of kTT in the form of plots of the quantity kTT /a2 as a function
of the average intersite distance a. When the multi-step process is dominant, the diffusion coefficient is large, and the capture radius Rc may
be viewed as a constant, it follows from the formalism discussed in the
previous subsection that
4π
kTT
=
Rc rdiff,tot ( a).
2
3
a

(6.17)

In the case of TTA dominated by Dexter processes, this ratio is thus
expected to vary exponentially with a, with a decay length reflecting the
distance dependence of the exciton hopping rate. [14]
We first discuss the simulations with λ = 0.3 nm. They were carried
out with RF,TT = 3, 5, and 6 nm, and with kD,0 = 1011 , 1012 , and 1013 s−1 ,
as also employed in Section 6.2.3. Under these conditions, the crossover of TTA determined by single-step and multi-step processes can be
studied. In Figure 6.6, the ratio kTT,1 /a2 is shown for all systems studied, with kTT,1 an effective value obtained from the t1/2 times (see the
previous subsection). The short-dashed curve gives the value expected
in the absence of diffusion, for an infinitely thick system, as obtained
using Eq. (6.7). The long-dashed curve gives the diffusion-dominated
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Figure 6.6: The ratio kTT,1 /a2 (symbols) as a function of the average guest intersite distance for RF,TT equal to (a) 3 nm, (b) 5 nm, and (c) 6 nm, obtained from MC simulations. The Dexter diffusion rate has been varied in a manner shown in figure (c), with an interaction decay length
λ = 0.3 nm. The curves are guides-to-the-eye. The short dashed and
long dashed thin curves give the theoretical values without diffusion
and in the diffusion-dominated limit at kD,0 = 1012 s−1 , respectively
(see the text). The open circles, and the dashed heavy line which
serves as a guide-to-the-eye, give the experimental values of kTT as
deduced in Ref. 14 for Ir(ppy)3 -based systems.
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value expected from Eq. (6.14) for the case kD,0 = 1012 s−1 . We have assumed Rc = RF,TT , as in our simulations the final capture process is
due to a Förster-type triplet-triplet interaction, and write rdiff,tot ( a) =
6(rD,diff ( a) + rF,diff ( a)) (using Eqs (6.8) and (6.9), and noting that in a
simple cubic lattice the total hop rate is six times the hop rate to one
specific neighbor). The figure shows that at the largest dye concentration considered (16 mol%, corresponding to a = 1.84 nm), kTT is for all
RF,TT values considered quite well predicted by the diffusion model. For
RF,TT = 5 and 6 nm and below approximately 6 mol% (a ≥ 2.5 nm), the
single-step process is dominant. The intersection point of the short and
long dashed thin curves yields a fair indication of the cross-over concentration between both regimes.
In Figure 6.4, the open circles give the experimental data for the Ir(ppy)3
systems studied in Ref. 14; the dashed heavy lines serve as a guideto-the-eye. From a comparison with the simulation results, it may be
concluded that it would be possible to explain the experimental data assuming a value of RF,TT slightly larger than 6 nm and the smallest value
of the Dexter diffusion prefactor considered (1011 s−1 ). In the absence
of diffusion (short-dashed thin curves), or for diffusion with the largest
Dexter prefactor considered, the a-dependence as obtained from the simulations agrees less well with experiment. When assuming λ = 0.3 nm,
it would then follow that for the two largest values of a considered (dye
concentration 2 and 4 mol%), the single-step mechanism is dominant,
whereas for the smallest value of a considered (16 mol%) the mechanism is more mixed. We remark that giving a detailed comparison with
experiments is limited by their realistic experimental accuracy, related
e.g. to the accuracy of the starting triplet densities, the possible role of
aggregation, and the possible role of concentration quenching. An indication of the possible role of such effects is the observation in Ref. 14
that for the largest dye concentration considered the triplet lifetime can
be significantly smaller than for the smallest dye concentration.
A second set of simulations was carried out assuming λ = 1.6 nm,
motivated above. Simulations were carried out with RF,TT = 1 and 3 nm
and a variable Dexter rate factor kD,0 , in order to explore cases in which
the multi-step process dominates. Figure 6.7 shows the results for RF,TT =
3 nm (close to the value RF,TT = 3.1 nm obtained in Ref. 14 for the Ir(ppy)3
systems) and kD,0 = 108 s−1 . At a distance of 1.7 nm, the Dexter transfer
rate is then equal to the transfer rate for the case λ = 0.3 nm with kD,0 =
1012 s−1 discussed above. The ratio kTT,1 /a2 varies to a good approximation linearly with a, as expected in this regime, although the slope of the
line connecting the data points (not shown) is slightly larger than as expected from the theoretical value (Eq. (6.17), long dashed curve). We ascribe that to a somewhat diminished contribution of diffusion processes
at small concentrations due to a lack of sufficient percolating pathways.
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Figure 6.7: The ratio kTT,1 /a2 (closed spheres) as a function of the average guest
intersite distance, obtained from MC simulations, assuming Dexter
diffusion with an interaction decay length λ = 1.6 nm. The other
simulation parameters are as given in the figure. As in Figure 6.6,
the short dashed and long dashed curves give the theoretical values
without diffusion and in the diffusion-dominated limit, respectively,
and the open circles give the experimental values of kTT as deduced
in Ref. 14 for Ir(ppy)3 -based systems.

If needed, further optimization of the fit quality would be straightforward; consistent with Eq. (6.17), kTT is found to be proportional to kD,0 .
The figure shows that using a value of λ close to 1.6 nm, and a small
value of RF,TT in combination with an appropriately optimized value of
the Dexter hop rate, good agreement with the experimental data (open
circles) can be obtained.
The simulation results thus show that the three interaction parameters determining the TTA rate (RF,TT , kD,0 , and λ) can in general not be
deduced with sufficient accuracy from the results of transient PL experiments using the conventional (kTT,1 ) method. We have therefore investigated whether the kTT,2 method, which employs the time-integrated
PL efficiency, could be used to enrich the experimental data, viz. by
using the kTT,2 /kTT,1 -ratio r. Figure 6.8 shows r as a function of the average intersite distance when λ = 0.3 nm and RF,TT = 3, 5 and 6 nm
(set I, red, green and blue data points and curves, respectively), with
kD,0 = 10−12 s−1 . The ratio r increases when due to an increasing value
of RF,TT or due to an increasing average intersite distance the singlestep process becomes more predominant. We find that in the single-step
(multi-step) regime, r is well above (below) a cross-over value of approximately 2. The cross-over dye concentration is defined as the value at
which diffusion enhances kTT by a factor of 2 with respect to the singlestep value. The curves are a guide-to-the-eye. The numerical accuracy of
the data points, ±(0.1–0.2), is determined almost completely by the accuracy of kTT,1 . For the 2 mol% systems, r approaches the zero-diffusion
values given in the previous subsection (arrows in the figure). The black
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Figure 6.8: The rate coefficient ratio r for set I (λ = 0.3 nm) and set II
(λ = 1.6 nm), the two sets of simulations discussed in Section 6.3B,
for kD,0 = 1012 s−1 . The solid curves are guides-to-the-eye. The simulation results obtained in the absence of diffusion are indicated by
the horizontal arrows at the right axis. The single-step and multistep regimes are indicated by the vertical arrows, with a cross-over
around r ∼ 2.

data points and curve in Figure 6.8 give the r ratio for the systems
with λ = 1.6 nm, studied in Figure 6.7 (set II). For large dye concentrations, the predominant role of diffusion leads to values of the ratio
r ≡ kTT,2 /kTT,1 close to 1. Only at small dye concentrations a small role
of single-step TTA is visible. This finding further confirms that measuring the ratio r would provide a simple method for directly determining
which contribution to the TTA process dominates.
It follows from the analysis given above that the conventional (kTT,1 )
method for analyzing the transient PL decay process will often provide
insufficiently rich information to separately determine the most relevant interaction parameters RF,TT , kD,0 , and λ. In particular, it follows
that an approximately linear variation of the ratio kTT /a2 with a does
not necessarily imply that the TTA process is in the diffusion-controlled
regime over the entire dye-concentration range studied. For the case of
the Ir(ppy)3 systems studied in Ref. 14, for example, we have found that
the experimental data could be explained with a relatively large value
of RF,TT , slightly larger than 6 nm, and weak diffusion (a relatively small
interaction decay length of λ = 0.3 nm and a relatively small Dexter prefactor), as well as using a relatively small value of RF,TT in combination
with strong diffusion (a large interaction decay length of λ = 1.6 nm).
The simulation results reveal that an independent spectroscopic measurement of RF,TT could be used to determine the two other interaction
parameters with good accuracy. The value RF,TT = 3.1 nm obtained in Ref.
14 for the Ir(ppy)3 systems, e.g., indeed implies that for these systems λ
is approximately 1.6 nm, as stated in Ref. 14, so that the diffusion mechanism is predominant. We note that such a λ-value is unexpectedly large.
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Studies of Dexter energy exchange reveal a wide range of interaction decay lengths, ranging from less than 0.1 nm for through-space coupling
to more than 2 nm. However, such a large interaction distance is only
obtained for coupling through covalently connected bridging units. [31]
In order to better understand the possible large value of λ for the case
of Ir(ppy)3 molecules embedded in a matrix material, it would be of interest to investigate in more depth the long-range Dexter coupling as
mediated by the triplet states of the matrix molecules, acting as virtual
intermediate levels. Application of the kTT -ratio method would be an
alternative method for obtaining independent information about the interaction parameters. Two simple transient PL measurements, one at a
fluence well in the TTA regime and one in the limit of zero fluence,
will suffice. The ratio r can then be obtained from the ratio of kTT,1 as
determined by fitting the transient data with Eq. (6.10) and kTT,2 as determined by Eq. (6.14), using the PL efficiency normalized by the PL
efficiency in the limit of zero fluence. Advantageously, the method can
already be used when only a single sample is available, so that no dye
concentration-dependent measurements are necessary.
6.4

summary and conclusions

Kinetic Monte Carlo simulations under steady-state and transient conditions have been used to study the relative contributions of single-step
Förster-type transfer and multi-step Dexter-type diffusion to the TTA
rate in phosphorescent emitter materials as used in OLEDs. From the
steady-state simulations we have found the following. (i) The triplettriplet interaction rate coefficient kTT is constant at small triplet concentrations, cT , but shows a significant higher-order dependence on cT
at high triplet concentrations. The results are at variance with the predictions obtained within the often-used ordered lattice approximation,
which yields a linear dependence of kTT on cT . (ii) The rate coefficient
kTT depends in a non-trivial way on the number of triplets lost upon a
triplet-triplet interaction event.
The transient PL simulations used to study TTA under non-steady
state conditions reveal that: (i) the time-dependent PL intensity cannot
be described assuming a constant value of kTT , (ii) from a comparison
of two different values of kTT , deduced from the measurements using
two different methods, a distinction can be made between TTA predominantly due to single-step or multi-step processes, and (iii) these transient values of kTT are significantly smaller than the steady-state value
obtained for the triplet concentration at time t = 0.
A comparison of the simulation results with experimental results for
Ir(ppy)3 -based materials shows that the data are consistent with the
multi-step scenario put forward in Ref. 14. Good agreement with the ex-

6.4 summary and conclusions

perimental data was found when using a radius for Förster-type triplettriplet interactions equal to RF,TT = 3 nm, close to the value deduced
from spectroscopic experiments in Ref. 14, and when using an exciton
wavefunction decay length λ = 1.6 nm, close to the value suggested
in Ref. 14. We find that using the measured value of RF,TT as a constraint was important. When leaving RF,TT as a free parameter, the simulations show that also a smaller value of λ, down to approximately
0.3 nm, in combination with a larger value of RF,TT , up to approximately
6 nm, would be consistent with the experimental data given in Ref. 14.
At small dye concentrations, below approximately 5 mol%, TTA would
then predominantly be due to single-step Förster transfer, as suggested
by Staroske and co-workers. [18] This shows that additional information
is required to unambiguously determine the TTA mechanism. As an
alternative method for obtaining such additional information, we have
proposed to determine the kTT,2 /kTT,1 ratio defined in Eq. (6.15). Advantageously, this also makes it possible to determine already for one
selected dye concentration which contribution is most important.
In dilute organic phosphorescent emitter materials, exciton diffusion
not only influences the TTA rate, but also the rate of other excitonic interaction processes. Examples are the energy transfer to a lower energy
acceptor, quenching at polarons or extrinsic defects, and concentration
quenching. [30,32] It would be of interest to use Monte Carlo studies as
well to investigate to what extent in relevant materials systems these
interactions are single-step or multi-step, and to what extent a quantitatively consistent description of the diffusion rate is obtained. Such
simulations should also include various refinements, such as the effect
of exciton energetic disorder on the diffusion process (see e.g. Ref. 33
and references therein) and the possible occurrence of emitter aggregation. [3,19]
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E F F E C T O F F Ö R S T E R - M E D I AT E D T R I P L E T- P O L A R O N
Q U E N C H I N G A N D T R I P L E T- T R I P L E T
A N N I H I L AT I O N O N T H E E F F I C I E N C Y O F O R G A N I C
L I G H T- E M I T T I N G D I O D E S

Firstly, we have studied the efficiency roll-off of OLEDs based on the
green phosphorescent emitter tris[2-phenylpyridine]iridium (Ir(ppy)3 )
and the red phosphorescent dye platinum octaethylporphyrin (PtOEP)
by comparing experimental data with kinetic Monte Carlo simulations.
We can reproduce the experimental roll-off using different simulation
scenarios with respect to the range and rate over which triplet-polaron
quenching (TPQ) and triplet-triplet annihilation (TTA) occurs. Comparing the results, we find a subtle interplay between both processes, where
reducing the contribution of one process increases the contribution of
the other process. This leads us to the conclusion that a simple analysis of the shape of the roll-off is insufficient for determining relative the
role of TPQ and TTA and that reducing only one of the two processes
will not necessarily significantly reduce the roll-off of the device. As a
next step, we have studied idealized symmetric devices. We analyze the
roll-off and its composition as function of the energy difference of the
dye and matrix material for various TPQ and TTA scenarios, and relate the trends with the corresponding change in the triplet and carrier
density profiles. The simulation results reveal that the effect of trapping
carriers on dye molecules on the roll-off strongly depends on the range
over which the excitonic interactions take place. Therefore, if no quantitative information about the rate and detailed mechanism of the TPQ
and TTA processes is available, the formulation of simple design rules is
challenging.
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7.1

introduction

The ultimate performance of organic optoelectronic devices like organic
light-emitting diodes (OLEDs), organic lasers, organic photovoltaic devices and light-emitting field-effect transistors is determined by exciton
physics. Processes like exciton generation, dissociation and (non)radiative decay, but also interactions with charge carriers and other excitons
govern the gain and loss mechanisms. The large probability of such
interactions at high excitation levels poses a challenge for the development high-brightness OLEDs and electrically-pumped organic lasers,
due to roll-off of the efficiency with increasing current density. Considerable effort has been made to study the rate of the individual quenching processes thought to contribute to the roll-off in phosphorescent
OLEDs: triplet-polaron quenching (TPQ) and triplet-triplet-annihilation
(TTA). [1–6] However, due the complex interplay of the different processes
and the spatial non-uniformity inherent to organic semiconductor materials and devices, is has been difficult to link the results of individual
experiments to actual device performance.
Both TPQ and TTA can be described as exciton transfer processes. The
process can be Dexter-mediated, i.e. due to Dexter transfer [7] to a site occupied by a carrier or an exciton, and/or Förster-mediated, i.e. due to
transfer of the exciton energy to an occupied site by the Förster mechanism. [8] In the case of Förster transfer, care should be taken that the
proper Förster radius is used to describe the process: it is different for
exciton transfer to a molecule in an ionized state (TPQ), in a triplet excited state (TTA), or in the ground state (exciton diffusion). This picture
is reasonably well established in the literature for Förster-mediated TTA.
For example, for the well-studied phosphorescent emitter molecules platinum octaethylporphyrin (PtOEP) and tris[2-phenylpyridine]iridium(III)
(Ir(ppy)3 ), spatially separated pump-probe measurements of thin films
have yielded TTA Förster radii of 2.7 and 3.1 nm, respectively, [9] while
values of 3.6 and 2.9 nm have been deduced from transient absorption
measurements in solution. [10] The possible additional role of more shortrange Dexter-type TTA has so far not been established. We note that in
the case of fluorescent emitters, for which Förster-mediated TTA is not
possible, Dexter-type TTA is non-negligible at high triplet densities, giving rise to delayed fluorescence. [11] Whereas various studies have provided evidence for a significant contribution of TPQ to the roll-off of
OLEDs, [3,5,12] and whereas effective TPQ rate coefficients have been determined for various host-guest systems, [1] the underlying mechanism
(Dexter-type and/or Förster-type?) and interaction range have not yet
been established. A complication is that the effective TPQ rate is not
only determined by the TPQ Förster-radius, but also by the polaron diffusion coefficient. Both quantities are in general different for electrons
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and holes. Furthermore, also exciton diffusion affects both the TTA and
TPQ rates (see Chapter 6).
In Chapter 5, we demonstrated how advanced molecular-scale kinetic
Monte Carlo (kMC) simulations including charge transport, exciton diffusion and quenching can be employed to elucidate the cause of the
efficiency roll-off in prototypical green and red-emitting small-molecule
OLEDs based on Ir(ppy)3 and PtOEP, respectively. As this study clearly
revealed various nonidealities, the study was extended to idealized but
potentially realizable symmetric OLED stacks. For these stacks, design
rules were established, providing guidelines for optimally choosing the
dye trap depth with respect to the matrix energy levels. In Chapter 9, we
will study the role of TPQ on the degradation of OLEDs. In both cases,
we assumed both TPQ and TTA to be instantaneous nearest-neighbor
(NN) processes. Under this assumption, we find TPQ to be the dominant contribution to the roll-off. However, assuming an instantaneous
NN process may overestimate the interaction rate for small distances,
and may underestimate the rate for large distances. For example, there
are experimental indications that not every encounter of a triplet exciton
and a polaron gives rise to quenching. [13,14]
In this chapter, we use kMC simulations to investigate and quantify
the effect of the interaction strength and range of TPQ and TTA on
the efficiency roll-off. We focus first on the prototypical green and redemitting OLEDs, studied in Chapter 5. The emissive layer (EML) consists
of 5 mol% Ir(ppy)3 or PtOEP, respectively, embedded in a matrix consisting of 4,4′ -bis[N-carbazolyl]-1,1′ -biphenyl (CBP). The EML is sandwiched in between electron and hole transport, injection and blocking
layers. The electrodes consist of indium tin oxide (ITO) and lithium fluoride/aluminum (LiF/Al). The layer structure, the materials used and
the energy levels assumed in the simulations are shown in Figure 7.1(a).
The simulation results are compared to the experimental data presented
by Giebink and Forrest. [4] The simulations extend the work presented
in Chapter 5 by showing how for a fixed value of the Förster radius for
TTA, taken equal to 3.5 nm (close to the experimental values, discussed
above), a variation (in the 0–3.5 nm range) of the less well-known value
of the Förster radius for TPQ affects the roll-off. Surprisingly, we find
that such a variation has only little effect on the overall internal quantum efficiency (IQE) loss, even when the TPQ contribution is quite dominant. The efficiency loss thus cannot be viewed as a simple sum of two
independent contributions. Instead, there is a subtle interplay between
both loss processes. We also find that a simple analysis of the shape of
the roll-off curve is insufficient for determining the relative roles of TPQ
and TTA.
Since the results of Chapter 5 showed that these devices are far from
optimal – most excitonic events happen close to the interface with the
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hole transport layer (HTL) – we compare these devices with an idealized but potentially realizable symmetric OLED stack, with a variable
dye trap depth ∆. The layer and energy level structure is shown in Figure 7.1(b). In Chapter 5, it was shown that by varying ∆ the emission
profile as obtained at small voltages can be varied from being doublepeaked (emission near the interfaces with the hole and electron transport
layers), via quite uniform across the EML for ∆ close to 0.2 eV, to being
more confined to the EML center for large ∆. The analysis is generalized
by studying the effects of a variation of the TPQ Förster radius as well
as the TTA Förster radius in the 0–3.5 nm range. Whereas we found in
Chapter 5 that for the case of nearest neighbour TTA and TPQ a uniform emission profile is optimal for obtaining a small roll-off, we find
here that the optimal trap depth of the dye molecules depends strongly
on the range of the TPQ and TTA processes, in particular for TPQ. It thus
follows that for developing proper OLED design rules, it is necessary to
determine the TTA and TPQ interaction ranges.
This chapter is organized as follows. In Section 7.2, we describe the
parameters and simulation method used in more detail. The results for
the red and green device are presented in Section 7.3 using five scenarios.
In addition to the reference case using instantaneous TPQ and TTA at
nearest neighbors only, similar to the situation in Chapter 5, we study
four TPQ scenarios using a fixed TTA Förster radius of 3.5 nm for both
Ir(ppy)3 and PtOEP devices. TPQ is either not included, described as an
instantaneous NN process, or described as a longer-range process with
Förster radii of 1.5 nm and 3.5 nm. The 1.5 nm value used is similar to
the Förster-radius describing triplet diffusion. [15] We regard this value
as a lower bound for the actual Förster radius for TPQ. Results for the
idealized symmetric devices are presented in Section 7.4, in which these
four TPQ scenarios are combined with the four analogous TTA scenarios.
For these 16 scenarios, we also study the effect of the dye trap depth on
the roll-off. Section 7.5 contains a summary, conclusions and outlook.
7.2

method

The simulations are based on the kinetic Monte Carlo method described
in Chapters 2 and 3. We use an OLED device model within which charge
transport and excitonic processes are included in an integrated manner.
The complete device stack is modeled as a collection of sites on a simple
cubic lattice with site density Nt = 1027 m−3 , where each site represents
a molecule. Charges are injected from the electrodes and hop from site to
site with a rate as described within the Miller-Abrahams formalism. [16]
Both the Coulomb interactions between the carriers as well as between
the carriers and their image charges is included. We assume the hopping
attempt frequencies to be equal for all materials and for both holes and
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Figure 7.1: (a) Energy level and layer structure of the green and red OLEDs
studied. The phosphorescent EML is sandwiched in between materials facilitating hole and electron injection, transport and blocking: CuPc (copper phthalocyanine), α-NPD (4,4′ -bis[N-(1-naphthyl)N-phenyl-amino] biphenyl), BCP (2,9-dimethyl, 4,7-diphenyl, 1,10phenanthroline) and Alq3 (tris [8-hydroxyquinoline] aluminum). (b)
Energy level and layer structure of the idealized OLED, here for a
dye trap depth ∆ of 0.3 eV.

electrons and use a typical value for the attempt frequency to the first
neighbor α-NPD, 3.3 × 1010 s−1 (see Chapter 5). [17] In Chapter 5, we have
found that for the case of instantaneous nearest-neighbor TPQ and TTA,
the effect of the hopping frequency on the roll-off is rather limited. In
Chapter 9, we will show that under simplified ‘uniform density model’
conditions, charge carrier transport in an energetically highly disordered
emissive layer will indeed give rise to only a limited dependence of the
roll-off on the hopping attempt frequency. We take a Gaussian density
of states (DOS) with width 0.1 eV, based on the energy levels shown in
Figure 7.1. As discussed in Chapter 5, the highest occupied molecular
orbital (HOMO) energies were obtained using ultraviolet photoelectron
spectroscopy, and the lowest unoccupied molecular orbital (LUMO) was
obtained by adding the measured optical gap. We note that the efficiency
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roll-off is insensitive to an overall shift of hole or electron energy levels.
The wavefunction decay length was assumed to be 0.3 nm for all processes.
Excitons are generated upon a hop of a carrier to a site occupied by a
carrier of the opposite sign, and can dissociate by the reverse mechanism,
both taking into account a triplet exciton binding energy of 1.0 eV, as motivated in Chapter 5, and may be deduced for the case of Ir(ppy)3 from
recent work of Yoshida and Yoshizaki. [18] We assume instantaneous intersystem crossing, so that only triplet excitons are considered. Excitons
can decay radiatively (non-radiatively), with rates Γr(nr) = 1.0(0.3) µs−1
and Γr(nr) = 0.010(0.051) µs−1 , for Ir(ppy)3 and PtOEP respectively. The
simulation includes Förster-type [8] as well as Dexter-type [7] exciton diffusion, described by
(
rF,diff = Γ

RF,diff
R

)6
,

(7.1)

with rF,diff the Förster transfer rate for exciton diffusion, Γ = Γr + Γnr the
overall exciton decay rate, RF,diff the Förster radius and R the distance
between donor and acceptor, and
(

rD,diff

2R
= kD,0 exp −
λ

)
,

(7.2)

with rD,diff the transfer rate for Dexter-type exciton diffusion, kD,0 the
Dexter prefactor and λ the exciton wavefunction decay length, respectively. As motivated in Chapter 5, RF,diff is taken equal to 1.5 nm, and kD,0
is taken such that the Dexter contribution to the diffusion rate is equal
to the Förster contribution for transfer over a distance equal to RF,diff .
For shorter distances, the diffusion is thus a predominantly Dexter-type
process, whereas it is predominantly due to Förster transfer for larger
distances. Analogous to the Miller-Abrahams formalism used for chargetransport, the rate of energetically upward exciton transfer is reduced by
an Arrhenius factor exp[−∆E/(kB T )], with ∆E the energy level difference, kB the Boltzmann constant and T the temperature. TPQ and TTA
are either described as an instantaneous NN process, as a process consisting of a variable Förster contribution and a fixed Dexter contribution,
or not included. The distance dependence of the Förster contribution is
described in a manner analogous to Eq. (7.1), with Förster radii RF,TPQ
for TPQ, and RF,TTA for TTA. The Dexter contribution is assumed to be
equal to the Dexter exciton diffusion rate, given by Eq. (7.2).
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7.3 results – red and green devices
In this section, we study the effect of the range of TPQ and TTA on
the shape and composition of the roll-off for green- and red-emitting
devices, based on Ir(ppy)3 and PtOEP, respectively. A comparison with
experimental results presented by Giebink and Forrest [4] will allow us
to investigate which sets of parameter values can reproduce the actual
roll-off measurements. Five scenarios are considered:
(I)
instantaneous NN TTA and TPQ,
(II)

RF,TTA = 3.5 nm and instantaneous NN TPQ,

(III)

RF,TTA = 3.5 nm and no TPQ,

(IV)

RF,TTA = 3.5 nm and RF,TPQ = 1.5 nm,

(V) RF,TTA = 3.5 nm and RF,TPQ = 3.5 nm,
as motivated in Section 7.1.
We find that for these five scenarios the current-voltage (J (V )) characteristics are essentially identical, i.e. equal to the result already shown
for scenario I in Chapter 5. Apparently, excitonic effects such as exciton
dissociation do not influence the J (V ) curve. Figure 7.2 summarizes the
results from the simulations for the roll-off, for the five scenarios studied. As may be seen, for the green device, the experimental roll-off is
well described by the simulations. For the red device the experimental
roll-off is slightly underestimated by the simulations for scenarios I–IV,
whereas the roll-off is well reproduced by scenario V.
One might surmise that comparing the roll-off curves for scenarios II–
V, shown in Figure 7.2, would reveal the relative contribution of TPQ.
However, we find that such an analysis would be an oversimplification, as the TPQ and TTA contributions to the efficiency loss are nonadditive. Furthermore, also losses to the HTL play in some cases an
important a role (see Chapter 5). For example, for the red devices the
roll-off increases only slightly from scenario III (no TPQ) to scenario V
(RF,TPQ = 3.5 nm), which could (erroneously) be viewed as evidence that
TTA is also for scenario V the predominant loss process. As shown below, we find that actually TPQ is then under all conditions studied the
major loss factor.
A full quantitative overview of all contributions in the EML to the efficiency loss within all scenarios is given by Figure 7.3. Firstly, we note that
also loss processes outside the EML, for example the loss to the α-NPD
layer can play a role (see Chapter 5). That this loss to the HTL depends
strongly on the scenario can be seen from the comparison between the
almost identical roll-off curves (Figure 7.2) and the varying fraction of
radiative decay in Figure 7.3. Secondly, in particular for the red devices,
the figure shows that the contributions to the roll-off are indeed nonadditive: an increase of the TPQ contribution, e.g. from scenario III to
V, results in a decrease of the TTA contribution. Thirdly, we find that at
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Figure 7.2: Simulated and experimental roll-off curves of the (a) Ir(ppy)3 and
(b) PtOEP device, for all scenarios. Experimental data from Ref. 4.

low voltages TPQ is the dominant process, except for scenario III within
which TPQ is not included. The contribution of TTA increases with increasing voltage. However, it only becomes the dominant process for scenario IV in the voltage range studied. Finally, we find that introducing
Förster-mediated TTA with RF,TTA = 3.5 nm (scenario II) significantly increases the TTA contribution as compared to the NN-TTA reference case
(scenario I), while (as shown already in Figure 7.2) the roll-off curves are
essentially identical. Overall conclusions are that there is thus a subtle
interplay between the TPQ and TTA processes, and that it is in general
not possible to deduce the predominant roll-off mechanism just from the
shape of the roll-off curves. For obtaining further refined insight into the
origin of the roll-off, dedicated studies determining the molecular-scale
details of the TPQ process will therefore be required.
7.4

results – idealized devices

As a next step, we study the effect of varying the TPQ and TTA rate on
the roll-off for the idealized but potentially realizable devices, with an
EML consisting of a single matrix material and 5 mol% Ir(ppy)3 guest
molecules. The energy level structure is shown in Figure 7.1(b). In this
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Figure 7.3: The different excitonic contributions in the EML to the roll-off for
the three scenarios for both dyes: (I) TPQ and TTA only on nearest
neighbors (II) TPQ only on nearest neighbors and RF,TTA = 3.5 nm,
(III) no TPQ and RF,TTA = 3.5 nm, (IV) RF,TPQ = 1.5 nm and RF,TTA =
3.5 nm, and (V) RF,TPQ = 3.5 nm and RF,TTA = 3.5 nm.

architecture, which was introduced in Chapter 5, the losses due to imperfect electron blocking and exciton charge transfer to the HTL, are
eliminated. Furthermore, the shape of the emission profile is optimized
by carefully tuning the energy difference, ∆, between the phosphorescent dye and the embedding matrix (“dye trap depth”). Charge carrier
trapping at the guest sites prevents that the exciton formation is confined
to narrow interfacial zones near the HTL and ETL. This is illustrated by
Figure 7.4, which gives an overview of the voltage and trap depth dependence of the triplet density profile as well as the electron and hole
density profiles in the absence of TPQ and TTA, with ∆ in the range
0–0.5 eV. An overview of the trap depth dependence of the J (V ) curves
was given in Chapter 5.
For the case of immediate NN-TPQ and NN-TTA, we found in Chapter 5 that ∆ ∼ 0.3 eV provides an optimum between the reduction of the
roll-off due to a more uniform emission profile and the increase of the
overvoltage due to the increasing dye trap depth. In this section, we aim
to refine and generalize this design rule by including scenarios where
longer-range excitonic interactions play a role. In total 16 scenarios are
considered, combining NN-TPQ, no TPQ, and TPQ due to Förster-type
processes with a Förster radius of 1.5 or 3.5 nm with the analogous TTA
rates. These scenarios thus include scenarios I–V studied in the previous
section.
Figure 7.5 shows the efficiency roll-off as obtained for all scenarios.
We find that also for these devices, the J (V ) curves are essentially independent of the scenario. To facilitate a comparison between the different
scenarios, we show in Figure 7.6 the variation of the current densities
J90 and J50 at which the efficiency is reduced to 90% and 50% of the
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Figure 7.4: Hole, electron and triplet density profiles for various trap depths
and voltages. The symbols indicate the data points, the lines are
guides-to-the-eye.

value of radiative decay (PL) efficiency ηrad = 0.769. The figure shows
that the use of charge carrier trapping at guest sites as a means to make
the emission profile more uniform leads to a decrease of the roll-off in
the case of nearest-neighbor TPQ and TTA. However, charge carrier trapping at guest sites is only weakly effective for the case of long-range TTA
(RF,TTA = 3.5 nm) and no TPQ, and is even counterproductive for the case
of long-range TPQ (RF,TTA = 3.5 nm) and no TTA. So for longer-range
interactions, the sensitivity to accumulated charges and excitons in thin
interfacial zones decreases apparently quickly. In the case of long-range
TPQ, the trapped charges (visible as the increased charge carrier density
in Figure 7.4) constitute a negative effect, so that elimination of charge
carrier trapping is then most advisable. The design rule for minimizing
the roll-off is then to make use of guest molecules which do not give rise
to charge carrier trapping. We note that this rule can only be applied
under the constraint that the dye molecule triplet excitons remains well
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below the host triplet exciton energy. Otherwise, the resulting enhanced
exciton diffusion length and longer exciton lifetime would negatively
affect the roll-off.
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Figure 7.5: The roll-off in internal quantum efficiency as function of the currentdensity for all scenarios. In each pane, the trap depth is varied between 0.0 eV en 0.5 eV. The dashed lines indicate a fit with Eq. (7.7).

Various authors have analyzed the roll-off of OLEDs resulting from
TPQ, TTA or the interplay between both processes using the ‘uniform
density model’, [6,19] within which the charge carrier and exciton densities are assumed to be uniform across the EML thickness, d. We will
use a similar approach in Chapter 9. Within this model, the reduction of
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for all scenarios.

the IQE due to TTA, ηIQE,TTA , follows from the steady-state triplet rate
equation
n
1
J
dnT
= − T − kTT nT 2 +
= 0,
dt
τ
2
ed

(7.3)

with nT the triplet volume density, kTT an effective triplet-triplet interaction rate coefficient, and e the elementary charge. The factor 1/2 is
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appropriate when upon each interaction process one of the two triplets
is lost. As a result, [19]
(√
)
J50
8J
− 1 ηrad ,
ηIQE,TTA =
1+
(7.4)
4J
J50
with
J50,TTA =

4de
.
τ 2 kTT

(7.5)

Analogously, the IQE roll-off due to TPQ, ηIQE,TPQ , follows from the
triplet rate equation
dnT
n
J
= − T − 2kTPQ npol nT +
= 0,
dt
τ
ed

(7.6)

with npol the electron and hole polaron volume density (assumed to be
equal), and with kTPQ an effective triplet-polaron interaction rate coefficient. The polaron density may be related to the current density using
the Langevin equation for the exciton generation rate. For the case of
equal electron and hole mobilities which are independent of the electron and hole densities and the electric field, the roll-off is then given
by [19,20]
ηIQE,TPQ =

1+

ηrad
( )m ,
J

(7.7)

J50

with a roll-off steepness exponent m = 1/2, and with
J50,TPQ =

de2 µ
,
2ετ 2 k2TPQ

(7.8)

where µ is the mobility, and ε is the dielectric permittivity. More generally, when the mobility is polaron density dependent and given by a
proportionality relation µ ∝ npol b , the roll-off is given by Eq. (7.7) with
m = (1 + b)/(2 + b) and with J50 given in Table 9.2 of Chapter 9. As
b > 1, one expects that m will then vary in between 1/2 and 1. Eq. (7.7)
is often found to provide a fair phenomenological fit to the measured
roll-off. From the simulations, we can now judge for a large variety of
systems to what extent the uniform density model provides a good prediction of J50 and of the shape of the roll-off curves.
The applicability of Eq. (7.7) may be seen most easily from double
logarithmic plots of the relative quench rate, defined as the ratio of the
effective rate Γq of all TPQ and TTA loss processes and the total decay
rate Γ, versus the current density (see also Chapter 9). If Eq. (7.7) is valid,
one expects that
( )m
Γq
ηrad
J
=
.
(7.9)
−1 =
Γ
ηIQE
J0
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so that such a quench rate plot is then expected to provide a straight line
with a slope m and an x-axis zero-crossing at J = J50 . Figure 7.7 gives an
overview of the quench rate curves for all cases, including an approximation to the simulation results which is based on Eq. (7.7) with the values
of J50 and m taken such that at the J50 and J90 points the curves coincide
with the values obtained by interpolation from the simulations. This approximation is also shown in Figure 7.5. It may be seen that Eq. (7.7)
provides in some cases a fair description, with a slope parameter in the
range of 0.4–1.0 for the cases studied. For the case of the NN TPQ and
TTA scenario, e.g., the figure shows that Eq. (7.9) is well obeyed for the
entire range ∆ = 0–0.5 eV, as we will see in Chapter 9. However, there
are also cases for which a significant deviation is observed.
Providing a quantitative analysis of the roll-off curves is most easy for
the scenario with RF,TTA = 3.5 nm and no TPQ. The observed very weak
dependence of the roll-off on the trap depth indicates that the effect of
the shape of the emission profile on the roll-off is only minor. When the
effect of triplet exciton diffusion may be neglected, and for sufficiently
small nT , kTT is given by [8]
3

4π 2 RF,TTA
kTT ∼
.
=
3
τ

(7.10)

Figure 7.8 (full curve) shows the quench rate curve as predicted using Eq. (7.4). For current densities up to approximately the J50 value,
the figure reveals good agreement between the predicted and simulated
quench rate curves. However, whereas the uniform density model predicts a decrease of the slope of the quench rate curve, from 1 for J ≪ J50
to 1/2 for J ≫ J50 ,1 the simulation data do not reveal such an effect. We
attribute that to the increasing non-uniformity of the triplet density profile with increasing current density (see Figure 7.4), leading to a larger
efficiency loss than as predicted from the uniform density model.
Figure 7.9 shows the detailed composition of the efficiency loss for devices with trap depths ∆ = 0.0, 0.3 and 0.5 eV, for the reference scenario I
(NN TPQ and TTA) and when combining Förster-type TTA with the experimentally realistic parameter value RF,TTA = 3.5 nm with various TPQ
parameterizations (scenarios II–V). The replacement of nearest-neighbor
TTA (scenario I) by Förster-mediated TTA (scenario II) increases the rolloff somewhat, especially for ∆ = 0.3 and 0.5 eV. At higher voltages it
contains then a larger contribution due to TTA, as longer-range TTA
processes are added to the TPQ-dominated roll-off. Scenario III (no TPQ)
gives rise to a somewhat reduced roll-off as compared to scenario I, especially for ∆ = 0.0 eV, indicating that switching-off the loss due to TPQ
is not completely compensated by the additional TTA. The decomposition for scenario IV is almost identical to that for scenario III: when
1 This expression can be obtained from a series expansion of Eq. (7.4).
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Figure 7.7: The quench rate as function of the current density for all scenarios.
The symbols are the simulation results, the lines indicate a fit with
Eq. (7.9). Each pane contains the curves for trap depths of 0.0 eV to
0.5 eV. The dashed lines indicate J50 and J90

RF,TPQ = 1.5 nm, TTA is thus the dominant loss process, apart maybe
for small current densities. Increasing the dye trap depth, does however
add an increasing, but small contribution of TPQ, as would be expected
from the increasing carrier density (see Figure 7.4). Scenario V shows a
strong dependence of both the size of the roll-off and the composition
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Figure 7.8: Quench rate curves for the scenario with RF,TTA = 3.5 nm and no
TPQ, showing both the uniform density model (full curve) and simulation results (symbols).

of the roll-off on the dye trap depth. The roll-off increases significantly
from ∆ = 0.0 to 0.5 eV, and while the roll-off is almost completely caused
by TTA for ∆ = 0.0 eV, the opposite is true for ∆ = 0.5 eV. This complete
reversal can be explained by the strong dependence on the carrier concentration of TPQ for RF,TPQ = 3.5 nm and the strong increase in carrier
density with an increase in dye trap depth (see Figure 7.4).
7.5

conclusions and outlook

In this chapter we have studied the role of longer-range excitonic interaction on efficiency roll-off of phosphorescent OLEDs by comparing
experiment with kinetic Monte Carlo simulations for various scenarios.
The rather weak sensitivity of the roll-off to the range over which TPQ
and TTA occur, leads us to conclude that the actual roll-off is the result
of a complex interplay of both processes. A reduction of one process
leads to a larger contribution of the other process. This can be further
complicated by additional loss channels, such as the transfer of triplets
to the α-NPD in case of the Ir(ppy)3 device. The results also lead us
to conclude that the relative contribution of these processes cannot be
determined from just the roll-off curve, as has been attempted using
simple rate equation models. Furthermore, we expect that just reducing
the TPQ or TTA will often only lead to a very modest reduction of the
roll-off.
Studying the effect of the dye trap depth on the roll-off in idealized
symmetric devices has shown that the effectiveness of trapping charge
carriers on dye molecules in order to reduce the roll-off strongly depends
on the range over which the excitonic interactions take place. While an
increase of the dye trapping depth flattens the triplet density profile,
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Figure 7.9: Composition of the roll-off for the idealized symmetric device with
dye trap depth ∆ = 0, 0.3 and 0.5 eV, for scenarios I–V.

the beneficial effect reduces with increasing TTA range. For increasing
TPQ range, the increase in carrier density due to an increase in the trap
depth can actually have a negative effect on the efficiency. This makes it
challenging to predict the optimal stack design as long as the molecular
scale details of TPQ and TTA are not well known.
In this chapter we only studied single matrix devices with a single
dye, in this study concentration of 5 mol%. State-of-the-art stacks often
employ emissive layers with more than one matrix and dye material. It
would be of interest to also investigate the effect of these more complex emissive layers and the dye concentration dependence of the trends
found in this chapter.
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8

KINETIC MONTE CARLO MODELING OF THE
E F F I C I E N C Y R O L L - O F F O F A M U LT I L AY E R W H I T E
OLED

Triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ)
are processes in OLEDs that can lead to a roll-off of the internal quantum efficiency (IQE) with increasing current density J. We present a kinetic Monte Carlo modeling study of the IQE and the color balance as
a function J of a multilayer hybrid white OLED that combines fluorescent blue with phosphorescent green and red emission. We investigate
two models for TTA and TPQ involving the phosphorescent green and
red emitters: short-range nearest-neighbor quenching and long-range
Förster-type quenching. Short-range quenching predicts roll-off to occur at much higher J than measured. Taking long-range quenching with
Förster radii of 3 nm for TTA and TPQ, equal to twice the Förster radii
for exciton transfer, leads to a fair description of the measured IQE-J
curve, with the major contribution to the roll-off coming from TPQ. The
measured decrease of the phosphorescent vs. fluorescent component of
the emitted light with increasing J is correctly predicted by the modeling. A proper description of the J-dependence of the relative contributions of red and green phosphorescent emission needs further model
refinements.1

1 See Contributions of the author at the end of this thesis.
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8.1

introduction

The introduction of phosphorescent emitters in white organic light-emitting devices (OLEDs) has gained much interest due to the possibility
of obtaining a very high internal quantum efficiency (IQE). [1–3] The significant spin-orbit coupling of the heavy metal atoms in phosphorescent emitters allows not only singlet, but also triplet excitons to decay radiatively. However, the triplet excitons still have a lifetime that
is considerably longer than that of singlet excitons. As a consequence,
they are more vulnerable to quenching. Three exciton-quenching mechanisms have been identified: [4–6] (1) triplet-triplet annihilation (TTA) (2)
triplet-polaron quenching (TPQ), and (3) field-induced exciton dissociation. Exciton quenching will increase in importance when the current
density and the brightness level of the OLED increase, since the densities of charge carriers and excitons as well as the electric field are then
higher. The drop in the efficiency with increasing current density as a
result of exciton quenching is known as the efficiency roll-off. A better
understanding of the factors that determine this roll-off is crucial, because in practice one would like to use white OLEDs for lighting at the
highest possible brightness level. Moreover, exciton-quenching processes
may also be a source of material degradation, because the involved high
excitation energies may lead to breaking of chemical bonds and hence
to a loss of functionality of the used semiconducting molecules.
Complicating aspects in the analysis of exciton quenching are that
the dominant quenching process may depend on the particular system
and that a predictive description of quenching processes is presently
lacking. Reineke et al. argue that field-induced dissociation does not play
an important role in state-of-the-art OLEDs. [6] Baldo et al. claim that
TTA is the dominant process responsible for efficiency roll-off for some
devices. [4] On the other hand, Kalinowski et al. claim that field-induced
dissociation and TPQ are the main mechanisms behind the efficiency
roll-off. [5]
8.2

stack, approach, and results

In Chapter 4, we modeled the electronic processes that lead to electroluminescence in a hybrid multilayer white OLED by kinetic Monte Carlo
(kMC) simulations. The stack structure and the energy-level scheme of
the OLED are given in Figure 8.1. The hybrid character of this OLED
lies in the combined use of a fluorescent blue emitter (Spiro-DPVBi)
with phosphorescent green (Ir(ppy)3 ) and red (Ir(MDQ)2 (acac)) emitters.
Hybrid OLEDs are commercially important, despite the suboptimal efficiency due to the use of a blue fluorescent emitter, since as yet no
sufficiently stable blue phosphorescent emitter for OLEDs exists. In the
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Figure 8.1: Layer structure and energy levels of the studied hybrid OLED (surface area: 2.7× 2.5 mm). From bottom to top: glass, indium tin
oxide, p-doped hole-injecting layer of NHT5 with 4 mol% NDP2
(materials supplied by Novaled), hole-transporting layer of α-NPD,
red-emitting layer of α-NPD with 5 mol% Ir(MDQ)2 (acac), greenemitting layer of TCTA with 8 mol% Ir(ppy)3 , interlayer of the hole
transporter TCTA with 33 mol% of the electron transporter TPBi,
blue-emitting layer of Spiro-DPVBi, electron-transporting layer of
NET5, and n-doped electron-injecting layer of NET5 with 4 mol%
NDN1 (materials supplied by Novaled). The HOMO and LUMO energies of the materials in the OLED are defined as the energy at the
top of a nearly Gaussian density of states with standard deviation
σ = 0.1 eV. The horizontal arrows indicate the work functions used
for the doped hole- and electron-injecting layers. See Chapter 4 for
further details.
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OLED of Figure 8.1, an important role is played by the interlayer in between the blue and green emitting layers. This interlayer, consisting of
a mixture of an electron (TPBi) and hole (TCTA) transporter, should allow passage of electrons and holes in opposite directions, while blocking
triplet excitons from transferring from the green emitter to the energetically lower-lying triplet level in the blue fluorescent layer.
In Chapter 4, a two-step procedure was followed in the simulations
by decoupling charge and exciton dynamics. First, the dynamics of electrons and holes, and the formation of excitons was simulated. The emitter sites in the green and red emitting layers at which excitons were generated were recorded. Next, the excitons were released at the recorded
emitter sites and their dynamics and final radiative or non-radiative decay was simulated. The resulting simulated emission profile and color
balance were found to agree well with experiment. Because of the decoupling of charge and exciton dynamics, exciton quenching could not be
investigated. In this chapter we consider exactly the same OLED of Figure 8.1, but treat charge dynamics, exciton dynamics and exciton quenching in a fully integrated way. This approach is similar to to approach
used for prototypical monochrome OLEDs in Chapters 5 and 7. This is
the first time that such simulations are applied to a realistic multilayer
white OLED.
The details of the kMC simulation procedure were described in Chapters 2 and 3. We repeat here only the most important aspects. The molecular sites in the organic layers are modeled as a simple cubic lattice with
a lattice constant of 1 nm, corresponding to the typical intermolecular
distance. In the charge transport, the highest molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are given energies according to Figure 8.1, with the addition of a random energy as obtained
from a correlated disorder model with a standard deviation σ = 0.1 eV.
Emitter sites in the green and red layer are randomly assigned according
to their known concentrations. Electron trap sites in the electron transporting layer (NET5) and the blue emitting layer are randomly assigned
and given an energy drawn from an exponential distribution, according
to model studies of electron transport in these layers. The electron- and
hole injecting n- and p-doped layers are modeled as sheets of metalliclike sites with energies given in Figure 8.1. They can inject or collect an
arbitrary number of charges. Coulomb interactions and image charge
effects are included. Site-to-site hopping of charges occurs by a MillerAbrahams hopping rate, with a prefactor chosen such that measured or
assumed electron and hole mobilities of the different materials in the
stack at room temperature, low electric field and low carrier concentration, are reproduced. The use of Marcus hopping rates would be more
appropriate, but introduces as new parameters the reorganization energies of all the materials in the stack. In the limit of low electric field the
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difference in mobility functions following from Miller-Abrahams and
Marcus hopping rates was shown to be small. [7]
In Chapter 4, exciton formation was assumed to be always an irreversible energetically downward process. Here, we add a refinement by
taking into account the binding energy of an exciton and allowing also
exciton dissociation. An exciton is then modeled as an electron-hole pair
at a site with an energy equal to the HOMO-LUMO energy difference
minus the exciton binding energy. Charge carriers generated from dissociated excitons can again participate in exciton formation. In the blue
fluorescent layer we take an exciton binding energy of 0.5 eV, whereas
in the interlayer and in the green and red phosphorescent layers we take
a triplet exciton binding energy of 1.0 eV, corresponding to a typical
energy. [8]
Like in Chapter 4, we assume that 25% of the excitons formed in
the blue fluorescent layer are singlets. In the green- and red-emitting
layers, excitons are either formed directly on the emitters, or on the
host molecules (TCTA and α-NPD, respectively), followed by immediate transfer to an emitter in their neighborhood. Excitons formed in the
interlayer (a significant fraction) and in all other layers (a negligible fraction) are assumed to be lost.
The mixing in of singlet character by the iridium spin-orbit coupling,
in addition to the predominant triplet character, allows for radiative decay as well as Förster transfer of excitons in between the phosphorescent
emitters, including transfer from green to red emitters. The transfer rate
between two emitters i and j is [9]
(
)6
1 R F,ij
,
(8.1)
rF,ij =
τi
Rij
where τi is the lifetime of emitter i, Rij the distance between the two
emitters, and R F,ij the Förster radius for transfer from i to j. The Förster
radius depends on the spectral overlap between the emission spectrum
of i and the absorption spectrum of j. Excitons can decay radiatively
with a rate Γr,i = 1/τr,i , or non-radiatively with a rate Γnr,i = 1/τnr,i .
These rates are related to the radiative decay probabilities ηr,i by ηr,i =
Γr,i /(Γr,i + Γnr,i ). The parameters used in the exciton dynamics are taken
from literature. For the green-emitting Ir(ppy)3 we take Γr = 0.816 µs−1
and Γnr = 0.249 µs−1 , [10] leading to a radiative decay probability ηr =
0.77, which agrees with the value ηr = 0.76 given in Ref. 11. For the redemitting Ir(MDQ)2 (acac) we take Γr = 0.588 µs−1 [12] and Γnr = 0.112
µs−1 as obtained from ηr = 0.84. [11] A typical value of RF,diff = 1.5 nm [9]
is taken for transfer in between green or red emitter molecules, while
for the transfer from a green to a red emitter we take R F,GR = 3.5 nm,
according to the estimate in Ref. 13. Transfer from red to green emitters
should play no role and is therefore neglected.
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Figure 8.2: The results from Chapter 4 and new measured and simulated current density-voltage characteristics, with results from pulsed measurements added (see main text for details). The errors in the simulated data were estimated from simulations for different disorder
configurations and are smaller than the displayed symbols.

No sufficiently detailed knowledge is as yet available about the molecular-scale mechanisms of TTA and TPQ. We investigate two possible
scenarios, already explored by us in prototype monochrome OLEDs in
Chapters 5 and 7: (1) immediate quenching of one triplet exciton when
two triplet excitons or a triplet exciton and a charge appear on nearestneighboring sites (short-range quenching); (2) quenching by Förster transfer of a triplet exciton to a site where another triplet exciton or a charge
resides (long-range quenching). In the latter scenario the question is
what to take for the Förster radius RF,TPQ and RF,TTA . The simplest choice
is to take RF,TPQ = RF,TTA = RF,diff , but this ignores the difference in the
absorption spectrum of an excited emitter hosting a triplet exciton or
a charge and an emitter in the ground state. Since further exciting an
already excited emitter is much easier than exciting an emitter in the
ground state, we will actually have RF,TPQ , RF,TTA > RF,diff . We study
scenarios with various values of RF,TPQ and RF,TTA , but will ignore the
difference between different emitters. This provides a way to systematically investigate the influence of this enhancement of exciton quenching
transfer on the IQE.
We checked that without taking into account exciton quenching, the
simulated emission profile at a bias voltage V = 3.6 V is within the error
bars equal to that displayed in Figure 4.2(b) of Chapter 4. The simulated
J (V ) characteristics are plotted in Figure 8.2, together with the results of
the non-integrated simulation approach from Chapter 4. Also these results are essentially the same. Apparently, neither has a significant influence on the simulation results. Figure 8.2 also shows a remeasured J (V )
characteristics, together with the original measurement from Chapter 4.
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At high voltage the current density has decreased somewhat, pointing
at a possible slight degradation. In addition, J (V ) data obtained with
a pulsed approach are given. Using such an approach, it is possible to
reach higher voltages and current densities than with a dc approach, because the effects of heating are suppressed. The pulsed measurements
were performed in three voltage regions with a duty cycle of 1% and
with different pulse durations: for V < 4 V pulses of 1 s were used, for
4 < V < 6 V pulses of 0.1 s and for V > 6 V pulses of 50 µs. Since all
data connect smoothly, we can conclude that relaxation effects due to the
use of pulses are small. In a broad voltage range there is a good agreement between simulated and experimental results. The disagreement at
high voltage (> 6 V) might be due to the use of Miller-Abrahams instead of Marcus hopping rates. The discrepancy at low voltage could be
due to an underestimation of the trapping of holes by Ir(MDQ)2 (acac)
in the red emitting layer (see Chapter 4). Additionally, the choice of the
wavefunction decay length could lead to a discrepancy. The J (V ) characteristics of the simulations in which exciton quenching is included are
not displayed, since these are indistinguishable from the J (V ) characteristics without exciton quenching. From this we can conclude that exciton
quenching has in our case no significant influence on the current density.
Results for the IQE are plotted as a function of J in Figure 8.3 and
compared to the experimental IQE. The experimental IQE was obtained
by dividing the luminescence as measured by a photodiode perpendicular to the OLED pixel by the current density and scaling the result such
that at a bias of 3.6 V the IQE is 25 ± 5%, corresponding to the measured external quantum efficiency (EQE) of 5 ± 1% (using an integrating
sphere) and the light-outcoupling efficiency of 20 ± 1%, as reported in
Chapter 4. In the high current density region J > 500 A/m2 , the IQE
was obtained using the pulsed measurements. The transition can be observed in Figure 8.3, but results in only a small discontinuity. The simulated results plotted in Figure 8.3 correspond to no quenching (squares),
short-range nearest neighbor quenching (diamonds), long-range quenching with RF,TPQ = RF,TTA = RF,diff = 1.5 nm (downward-pointing triangles), and long-range quenching with RF,TPQ = RF,TTA = 3 nm (upwardpointing triangles).
The latter results provide a fair description of the whole experimental
IQE-J curve. At high currents J > 103 A/m2 the roll-off is somewhat
underestimated. This could be related to the overestimation of J in this
region observed in Figure 8.2: to obtain the same J as in the experiment,
a lower V is needed in the simulations than in the experiment. This could
lead to a different distribution of charge carriers and excitons through
the device, leading to less quenching.
It is very gratifying to observe that not only the roll-off, but also the
roll-on of the IQE at low J, i.e. the initial increase of the IQE with J,
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Figure 8.3: Measured and simulated internal quantum efficiency as a function
of current density. Black discs: experimental results, obtained by dividing the measured luminescence by the current density and scaling such that at a bias of 3.6 V the external quantum efficiency of
5 ± 1% reported in Chapter 4 is reproduced with an outcoupling efficiency of 20 ± 1%. There is an overall uncertainty in these results
of ±5%. Blue squares: simulated results without quenching. Green
diamonds: nearest-neighbor quenching by triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ). Orange downwardpointing and red upward-pointing triangles: long-range quenching
by TTA and TPQ with Förster quenching radius of 1.5 nm and 3 nm,
respectively. The error in the simulated results is of the order of the
symbol size. Bottom: the same, but without TPQ.

is properly described by the simulations. The explanation is that with
increasing current the fraction of excitons generated in the interlayer between the green- and blue-emitting layers, which are assumed to be lost,
decreases. In the case of long-range quenching with a Förster radius of
3 nm, there is in the low-J region also some effect of exciton quenching,
bringing the simulated data right on top of the experimental data. The
value of 3 nm for both Ir(ppy)3 and Ir(MDQ)2 (acac) is comparable to the
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reported values RF,TTA = 3.1 and 2.7 nm in thin films, [14] and 2.9 and
3.6 nm in solution, [15] for Ir(ppy)3 and PtOEP, respectively.
To investigate the relative contributions of TTA and TPQ to exciton
quenching, we plot in Figure 8.3(bottom) the results of a simulation without TPQ. It is clear from these results that TTA is in our case only relevant for J > 103 A/m2 , which is far beyond the current density at which
this OLED is typically operated (up to J = 102 A/m2 ). Hence, the main
cause for roll-off in the present OLED appears to be TPQ. This conclusion is in line with the conclusion drawn in Chapter 5 from simulations
of prototypical phosphorescent green and red OLEDs based on Ir(ppy)3
and PtOEP, respectively.

Figure 8.4: Top: normalized measured spectra at voltages ranging from 3 V to
7 V. The arrows indicate the trends in the relative contributions of
the primary colors with increasing voltage. Bottom: simulated results for the generated fractions of blue (discs), green (triangles) and
red (squares) photons without quenching (upper panel) and with
quenching by TTA and TPQ with a Förster radius of 3 nm (lower
panel). The error in the simulated results is of the order of the symbol size.
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To study whether also the change in color balance can be described by
our modeling we display in Figure 8.4 (top) the normalized spectra of
the OLED at different voltages in the range V = 3–7 V, measured with
a Photo Research® SpectraScan® PR-705 spectrometer perpendicular to
the OLED pixel, and the fractions of the number of photons created in
the red-, green- and blue-emitting layers according the simulations (bottom) for the scenarios without quenching and with a Förster quenching
radius of 3 nm. In agreement with our assumption that mainly triplet
excitons suffer from quenching, the measured relative contribution of
fluorescent blue emission increases with J at the expense of the phosphorescent red and green emission. The specific dependencies on J of
the measured relative contributions of red emission (a monotonic decrease) and green emission (a decrease followed by an increase) are not
accurately reproduced by the simulations. Taking somewhat different
Förster radii for Ir(MDQ)2 (acac) and Ir(ppy)3 could improve the agreement. However, such fine-tuning is beyond the present study, since then
also various other refinements in the modeling should be considered. For
example, part of the increase of the relative contribution of blue fluorescent emission with J may be due to singlet excitons produced by TTA
(delayed fluorescence [16] ) of the thus far disregarded triplet excitons in
this layer.
8.3

summary and conclusions

In summary, we have compared a the results of a modeling study by
kinetic Monte Carlo simulations of the internal quantum efficiency of
a hybrid white multilayer OLED, and in particular the roll-off of this
efficiency with increasing current density, with experiment. The measured roll-off behavior can be described with plausible parameters for
triplet-triplet annihilation and triplet-polaron quenching. We find that
triplet-polaron quenching is the dominant quenching mechanism. The
observed relative increase of the blue component of the emitted light
with current density is in agreement with the simulations. A proper description of the dependence of the red and green components on current
density requires further model refinements.
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KINETIC MONTE CARLO STUDY OF THE
SENSITIVITY OF OLED EFFICIENCY AND LIFETIME
T O M AT E R I A L S PA R A M E T E R S

The performance of organic light-emitting diodes (OLEDs) is determined
by a complex interplay of the optoelectronic processes in the active layer
stack. In order to enable simulation-assisted layer stack development, a
three-dimensional kinetic Monte Carlo OLED simulation method which
includes the charge transport and all excitonic processes is developed. In
this chapter, the results are presented of simulations including degradation processes in idealized but realizable phosphorescent OLEDs. Degradation is treated as a result of the conversion of emitter molecules to
non-emissive sites upon a triplet-polaron quenching (TPQ) process. Under the assumptions made, TPQ provides the dominant contribution to
the roll-off. There is therefore a strong relationship between the roll-off
and the lifetime. This is quantified using a “uniform density model”,
within which the charge carrier and exciton densities are assumed to
be uniform across the emissive layer. The simulations give rise to design
rules regarding the energy levels, and are used to study the sensitivity of
the roll-off and lifetime to various other materials parameters, including
the mobility, the phosphorescent dye concentration, the triplet exciton
emissive lifetime and binding energy, and the type of TPQ process.1

1 This chapter has been published as Coehoorn et al., Adv. Func. Mater. 25, 2024 (2015).
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9.1

introduction

Organic Light Emitting Diode (OLED) technology for large area lighting is presently developing from design-focused special-lighting applications towards general-lighting applications for homes and offices. Future products are expected to show added functionality such as flexibility, transparency in the off-state, and color-tunability. Continuous improvements of the system power efficiency and long-term stability arise
from the use of novel organic semiconductor materials, novel stack architectures, and methods for improved light outcoupling. [1] The development of OLED active layer stacks is supported by the use of simulation methods. As indicated schematically in Figure 9.1, two types of
applications may be distinguished: (i) revealing the mechanism of the
relevant charge transport and excitonic processes and determining the
values of the relevant material-specific parameters, (ii) supporting the
layer stack design process by providing an efficient route for developing understanding of the benefits and disadvantages of the use of novel
materials and layer stack concepts. The third (vertical) axis in the figure indicates examples of the performance characteristics which may be
studied using the simulations. We envisage that simulations can be used
to clarify the sensitivity of the OLED device performance to materials
and layer stack parameters, and can provide insights in the functioning
of OLEDs beyond the capability of experiments. For example by a much
more precise control of the device structure, by providing insight in all
processes at an ultimate (molecular-scale) spatial resolution and at the
shortest relevant time scales, and by providing the opportunity to explore the performance under conditions which are experimentally not
realizable. A long-term goal of our research is therefore to develop and
apply a simulation method which can address any combination of the
three application types, and which provides a platform within which
novel insights as obtained in each of the fields indicated in the figure
can be readily adopted.
So far, commonly used OLED simulations methods are based on onedimensional drift-diffusion approaches (see Coehoorn and Bobbert and
references therein) [4] in which the charge transport and excitonic processes are included in a semi-empirical manner. However, it is wellknown that as a result of the energetic disorder, resulting from the
structural disorder, the current density in OLEDs is filamentary, rather
than uniform. [5] We have shown from molecular-scale three-dimensional
kinetic Monte Carlo (3D-KMC) modeling that, as a consequence, the
emission takes place on certain preferred molecular sites, rather than being laterally uniform. [6] It is thus necessary to develop a full 3D-KMC
model for accurately simulating the effect of the loss processes, such as
triplet-polaron quenching and triplet-triplet annihilation in phosphores-
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Figure 9.1: Application areas of OLED device simulations (horizontal and diagonal axes) and examples of the performance characteristics which
may be studied (vertical axis). TADF denotes Thermally Assisted
Delayed Fluorescence. [2,3] Simulation studies for a variety of performance characteristics, layer stack designs and materials can help
to develop an improved material-specific understanding of the relevant physical processes. Realizing progress in that understanding is
needed to make simulation-assisted OLED stack development more
powerful.

cent OLEDs. These losses lead to an efficiency decrease with increasing
current density and luminance (roll-off of the internal quantum efficiency,
ηIQE ). In Chapter 5 we extended the 3D-KMC method to include the
charge transport and all excitonic processes in an integral manner. The
simulations were found to provide a good description of the roll-off of
archetypical green and red emitting OLEDs studied intensively in the literature, [7] and were used to develop a design rule for an optimal power
efficiency, resulting from a small ηIQE -roll-off and a low voltage.
In this chapter, we demonstrate how 3D-KMC simulations can also
be used to predict the dependence of the lifetime of phosphorescent
OLEDs on the materials and layer stack parameters. For that purpose,
we have included in the simulations irreversible changes of the molecular sites, according to a chosen scenario, and simulate the resulting
time-dependence of the emission. Whereas a wide variety of degradation mechanisms can be operative, [2,3] recent work has indicated that
in phosphorescent OLEDs triplet-polaron quenching followed by defect
formation can play a major role. [8,9] We investigate two degradation scenarios in which upon triplet-polaron quenching the dye molecule which
is involved is with a certain probability converted in a non-emissive
molecule. These explicit 3D-KMC lifetime simulations can be computationally intensive. We have therefore also studied to what extent it is
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already possible to predict lifetime trends using the loss due to excitonpolaron quenching as obtained from results of the steady-state simulations. As a first step towards that goal, we focus on the case of monochrome OLEDs with a single emissive layer (EML), and show how under
the simplifying assumption that the charge carrier density and exciton
generation are uniform across the thickness of the EML the roll-off can
be expressed in terms of the materials and layer stack parameters. The
approach is a refinement of earlier work, [10,11] by including the charge
carrier density dependence of the mobility and by including a mechanistic expression for the triplet-polaron quenching rate. As a second step, it
is shown how using this uniform density model (UDM) variations of the
lifetime with layer stack parameters, such as the EML thickness or dye
concentration, can then be predicted from the roll-off. Within the degradation scenarios considered, the absolute lifetime is proportional to the
inverse of the probability that upon a quenching event degradation takes
place. That is the only additional parameter which is required. Within
the framework of our approach, it can be determined by one or a few
“calibration” experiments. We stress that the UDM only provides a starting point for analyses of roll-off and lifetime. The simulations show that
changes of the shape of the charge carrier density and emission profiles
with the voltage and current density also play an important role.
The chapter is organized as follows. Section 9.2 contains an overview
of the simulation method and a simulation example. In Section 9.3, the
uniform density model is developed, and analytical expressions are given
for the dependence of the roll-off and lifetime on the material parameters, neglecting exciton dissociation and exciton diffusion. In Sections 9.4
and 9.5, the sensitivity of the roll-off and lifetime, respectively, to various
materials parameters is studied from 3D-KMC simulations. Two design
rules for the most optimal energy level structures are established, and
the sensitivity of the roll-off to the emissive lifetime of the dye molecules
and to the triplet binding energy is examined. The UDM is shown to provide a fair prediction of the OLED lifetime for small dye concentrations,
for which exciton diffusion to already degraded sites may be neglected.
Section 9.6 contains a summary, conclusions and outlook.
9.2

simulation method

In this section, firstly an overview is given of the 3D-KMC simulation
method and of the simulation parameters used in this chapter (subsection 9.2.1). Subsequently, more detailed descriptions are given on the
treatment of charge transport, excitonic processes and degradation (subsections 9.2.2, 9.2.3 and 9.2.4, respectively). Finally, as an example the
simulations are applied in subsection 9.2.5 to a symmetric three-layer
OLED, for which the roll-off curve, emission profile, carrier density pro-
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file and time-dependent decrease of the emission due to degradation is
shown. In Section 9.4, the energy level structure assumed for this example will be shown to quite optimally fulfill two design rules leading to
a small roll-off, and in Section 9.5, the sensitivity of the OLED lifetime
when varying the Ir-dye concentration in this OLED will be discussed.
9.2.1

Simulation parameter – overview

Within the 3D-KMC simulation method developed, the molecules are
treated as point sites, without any internal structure. The sites are placed
on a simple cubic grid with a lattice parameter a = Nt−1/3 , with Nt
the average molecular site density. Any layer sequence and mixing of
different types of molecules in each layer can be defined, such as random
mixing, aggregation of similar molecules, [12] mixed interface layers, or
e.g. a concentration gradient in the emissive layer. [13,14] At any moment
in time, a site in the box is either empty, or occupied by one electron,
one hole, or by one electron and one hole. When at a site a compound
species (exciton, one electron and one hole) is present, the exciton is
further specified as either a singlet or a triplet exciton. Typically, for each
set of external conditions (voltage, temperature) five parallel simulations
are carried out for nominally equal boxes, but with different disorder
realizations, with a lateral area of 50 × 50 sites. From the time-resolved
and time-averaged results as obtained for these simulation boxes, the
statistical uncertainty can be judged.
The simulations are specified by four sets of parameters: (i) parameters defining the system structure (thicknesses and composition of all
sub-layers), (ii) electrical parameters, (iii) excitonic parameters, (iv) the
parameters specifying the external conditions (voltage, V, and temperature, T). The charge transport and excitonic processes are included
in a manner as described in Chapters 4 and 5. A brief description is
given in the next subsections. Table 9.1 gives an overview of the basic
electrical and excitonic parameters, and their values used as a default
in the simulations discussed in this chapter. We note that the code allows for various refinements, not mentioned further here, such as nonisotropic mobilities, non-Gaussian shapes of the density of states, and
long-distance (e.g. Förster-type) exciton-polaron quenching and excitonexciton annihilation. Furthermore, it allows for carrying out simulations
under special conditions, such as steady-state or time-resolved photoluminescence [10,15] or electroluminescence conditions. [16] All simulations
were done for T = 298 K.
The accessible material and device parameter range is determined by
practical (real time, CPU time, memory) limitations. The total required
real simulation time depends on the level of time-averaged, spatiallyresolved or time-resolved detail needed and number of nominally equal
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Table 9.1: Overview of the electrical and excitonic parameters used in the 3DKMC simulations, and the default values used in this chapter.
parameter

description

value

ν1

Hopping attempt rate to the first neighbor

3.3 × 1010 s−1

σ

Width (standard deviation) of the Gaussian density of states

0.10 eV

Nt

Site density

1027 m−3

λ

Wavefunction decay length

0.3 nm

εr

Relative dielectric constant

3.0

ET,b

Triplet exciton binding energy

1.0 eV

kD,0

Dexter transfer prefactor

1.6 × 1010 s−1

RF,diff

Förster radius for exciton diffusion between dye molecules

1.5 nm

Γrad

Radiative decay rate dye moleculesa

0.544 µs−1

Γnr

Non-radiative decay rate dye moleculesa

0.181 µs−1

a Values as obtained experimentally for the orange-red emitter Ir(MDQ)2 (acac) in an αNPD matrix, assuming a radiative decay efficiency ηrad = 0.75, intermediate between
the values obtained from analyses assuming randomly oriented or mainly parallel
emission dipole moments. [17]

OLEDs with different disorder realizations run in parallel. When considering five 50 × 50 nm2 of such OLEDs in parallel, the IQE roll-off curve
simulations discussed in this chapter are obtained typically in 3–10 days
on a 3.0 GHz core [Intel® Xeon® X5675], depending on the current density. Simulations in which the fraction of quenched excitons or the fraction of radiatively decaying excitons is small (at a very small current
or very large current density, respectively) are most demanding, since a
large number of events needs to be recorded to gather enough statistics
on the most rare event. The lifetime results discussed in this chapter are
based on simulations over periods ranging from a few days up to two
months. Achieving sufficient statistics is slowed down when considering
larger device dimensions, larger energy barriers at interfaces, enlarged
charge carrier or exciton hop distances (due to enlarged wavefunction
decay lengths or Förster radii, at large fields, or in very dilute systems),
enlarged density of states widths or trap depths, and enlarged exciton
lifetimes (so that at a given time more excitons are present in the device).
9.2.2 Charge transport
The hop rate ν of electrons and holes over a distance R and from a
molecule with energy Ei (initial state energy) to a molecule with Ef =
Ei + ∆E (final state energy) is assumed to be given by the Miller-Abrahams
formalism. When the hopping occurs between two molecules of types A
and B the rate is assumed to be given by:
ν=

√

(

)
|∆E| − ∆E
ν1,A ν1,B exp[−2α( R − a)] exp −
,
2kb T

(9.1)
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where ν1,X is the hopping attempt rate between two molecules of type
X at a distance a (first neighbor), for the case ∆E = 0, and α ≡ 1/λ is
the inverse of the wavefunction decay length (λ). The square-root form
of the prefactor used arises when considering the transfer integral due
to the overlap of the two exponentially decaying wavefunctions. The expression applies to any pair of molecules, also to molecules in different
layers. So no special parameters are introduced to describe the hop rates
across internal interfaces. In this chapter, materials with spatially uncorrelated Gaussian disorder are considered. The hole and electron site
energies are taken from a random Gaussian distribution with a materialspecific mean value and with a material-specific standard deviation σh or
σe , respectively, modified by (i) the Coulomb interaction energy with the
other charge-carriers and with its image charges in the electrodes and by
(ii) the electrostatic potential difference due to the field arising from the
applied voltage. As in the transport processes studied holes or electrons
are removed or added, the material-specific mean energy level values
for holes and electrons should be termed properly as a mean ionization
potential or a mean electron affinity, respectively. However, we indicate
these energies instead as a highest occupied molecular orbital (HOMO)
energy, EHOMO , or a lowest unoccupied molecular orbital (LUMO) energy, ELUMO , respectively, as is common practice in the literature.
By using this mechanistic approach, we circumvent the need to describe the charge transport by means of complicated expressions for the
mobility and diffusion coefficient, which are used in one-dimensional
drift-diffusion simulations. The mobility, e.g., depends on the charge carrier density, electric field and temperature, and is affected by the shape
of the density of states, the type of disorder, Coulomb interaction effects in accumulation regions near interfaces, and the presence of guest
or trap molecules. [5] Furthermore, the mobility may effectively be time
(or frequency) dependent due to charge carrier relaxation [18,19] and it
is effectively layer thickness dependent below a certain critical length
scale. [20]
In a uniform layer, the mobility at any field, temperature and carrier density is determined by four material parameters: a, σ, ν1 and λ.
These parameters can be determined from dedicated transport studies of
single-carrier single-layer devices, as shown for several polymeric [21–23]
and small-molecule materials. [24,25] The lattice parameter a which is obtained from such studies, is quite similar to the value expected from the
experimental molecular site density. In this chapter, we take a = 1 nm,
σ = 0.1 eV, and ν1 = 3.3 × 1010 s−1 , which are typical values for smallmolecule OLED materials (see Chapter 5 for a motivation of the choice
for ν1 ). The wavefunction decay length λ is only relevant in dilute hostguest systems in which guest-guest hopping over distances larger than
a is significant. From such studies, we deduce that λ is larger than the
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value of 0.1 × a (i.e. 0.1 nm for a = 1 nm) which has been used in
Chapter 4 and earlier modeling studies of transport in one-component
materials. [26,27] In this chapter, we take λ = 0.3 nm, the value used in
Chapter 5 to describe the roll-off in Ir(ppy)3 and PtOEP based OLEDs.
Within a more refined approach, the hop rates should be described using Marcus theory. [28] However, as an additional parameter would be
involved (the reorganization energy), to which the shape of the current
voltage-curves will be quite insensitive, [29] we have not adopted that approach. Based on similar arguments (see also Cottaar et al. [29] ), a simple
cubic grid is used in all cases instead of treating the grid structure as a
degree of freedom.
9.2.3 Excitonic processes
Exciton generation (dissociation) is treated as a result of a hop of a
charge carrier to (away from) a site at which already a carrier of the opposite polarity resides, using Eq. (9.1), albeit that ∆E includes now a gain
(loss) equal to the on-site singlet or triplet exciton binding energy, ES(T),b .
This takes into account that the actual on-site exciton binding energy
is finite, whereas within the point-site model used the on-site electronhole Coulomb interaction would be infinite. In this chapter, we focus
on phosphorescent OLEDs and take the triplet binding energy equal for
all sites. Exciton generation and dissociation are thus a natural consequence of the electron-hole attraction; no additional rate coefficients are
introduced. The Coulomb interaction energy between an electron and
hole on a nearest neighbor site (a charge-transfer exciton) is within our
formalism equal to ECT,b = e/(4πε 0 ε r a), with e the electron charge, ε 0
the vacuum permittivity and ε r the relative dielectric constant (taken
equal to 3), i.e. 0.48 eV. In a homogeneous material, a significant dissociation rate will thus be obtained unless the exciton binding‘ energy is
well above ECT,b . In Section 9.4, we study the sensitivity of the roll-off to
ET,b . In this chapter, we assume that all excitons which are generated are
triplets. As we consider only devices in which almost all the excitons are
formed on the phosphorescent dye molecules, so that singlet-to-triplet
conversion due to intersystem crossing is fast, that is an excellent approximation.
Radiative and non-radiative decay are assumed to be mono-exponential processes with rates Γrad and Γnr , respectively, which may be deduced from the measured total decay rate Γ = Γrad + Γnr ≡ τ −1 (with τ
the effective decay time) and the radiative decay efficiency ηrad (which
may be taken equal to the photoluminescence efficiency) using the expressions Γrad = ηrad Γ and Γnr = (1 − ηrad )Γ. The exciton transfer rate
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from a site of type A to a site of type B, at a distance R, is described as
a sum of contributions due to Förster transfer, with a rate
(
)
RF,diff,AB 6
kF,AB = Γ
,
(9.2)
R
with RF,diff,AB the Förster radius for exciton diffusion between the two
types (A, B) of molecules involved, and a Dexter contribution given by
[
]
√
∆E + |∆E|
kD = kD,0,A kD,0,B exp [−2αR] exp −
,
(9.3)
2kB T
where kD,0,A(B) are material-type specific prefactors, α is the inverse of
the wavefunction decay length, and ∆E is the difference between the final and initial state exciton energies. Such an energy difference can occur
when the two molecule types are different, or as a result of excitonic disorder. In this chapter, excitonic disorder is neglected. Only few studies
on triplet exciton diffusion in phosphorescent host-guest systems have
been carried out. Based on the work of Kawamura et al., [30] we take
RF,diff = 1.5 nm. It has also been argued that exciton diffusion between
Ir-dye molecules is predominantly due to Dexter transfer. [31,32] In view
of this uncertainty, we take the Dexter prefactors such that at a distance
equal to the Förster radius both rates are approximately equal. At much
larger distances the diffusion is then predominantly due to the Förster
process, whereas at distances of 1–2 nm also Dexter transfer contributes.
The detailed mechanisms of triplet-polaron quenching (TPQ) and triplet-triplet annihilation (TTA) are not well known. In this chapter, we
describe both processes as immediate when the two interacting species
are at a distance a. A distinction is made between TPQ processes in
which the triplet is transferred to the site at which the polaron resides
(“TPQ-p process”) or one in which the polaron hops to the site at which
the triplet resides (“TPQ-t process”) (see Figure 9.2). Making this distinction does not affect the roll-off. However, it can affect the degradation
rate (see Section 9.5). After a TTA process one triplet exciton is assumed
to be left, randomly chosen to be on one of the dye sites. Under these assumptions, no free parameters describing TPQ and TTA are introduced.
The TPQ rate is then determined predominantly by the polaron density
and the polaron diffusion coefficient (see the next section), as for the dilute systems considered the triplet diffusion coefficient is relatively small.
The TTA rate is at the low voltages considered for lighting applications
very small, in view of the small triplet volume density obtained for the
commonly used short radiative lifetime phosphorescent Ir-based emitters, and the small triplet diffusion coefficient (see Chapter 5). In Chapter 7, we investigated to what extent TPQ still provides the dominant
contribution to the roll-off when describing TPQ and TTA as long-range
Förster-type processes with Förster radii up to 5 nm, as suggested e.g.
for the case of TTA from the work of Reineke et al. [15]
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Figure 9.2: The two types of triplet-polaron quenching processes considered:
(a) TPQ-p process, and (b) TPQ-t process. Empty circles: neutral
molecules in the ground states. Blue filled circles: molecules on
which a polaron resides, in the polaronic ground state. Yellow star:
neutral molecules in the lowest triplet exciton state. Blue stars: polaron in an excited state.

9.2.4 Degradation
In this chapter, we describe OLED degradation a result of the conversion
of emitter sites to non-emissive sites with an infinite value of Γnr when
on that site a TPQ process occurs, with a probability pdegr. All other
parameters are kept constant. The effect of degradation is only included
when mentioned explicitly. In such a case, we first carry out a steadystate 3D KMC simulation without degradation (pdegr = 0), in order to
obtain equilibrated charge and exciton distributions. Subsequently, we
continue the simulation under the condition pdegr = 1. Our approach
thus employs the largest possible acceleration, in order to make the simulations feasible. We find that such an approach is permitted, as simulations using a smaller value of pdegr lead to a decrease of the decay
rate which is proportional to pdegr . We remark that pdegr is in reality expected to be very small number. The decay of the emission intensity is
found to show in general a stretched-exponential-like shape, as is also
observed experimentally. The lifetime is shorter for the case of TPQ at
the site where the triplet resides (TPQ-t) than for the case of TPQ at the
site where the polaron resides (TPQ-p), as only in the former case all
TPQ processes occur on an emitter molecule (see Section 9.5).
9.2.5 Example: mixed-matrix symmetric OLED
As a first example, we discuss the results of 3D-KMC simulations for a
symmetric OLED with a layer structure (anode | HTL (40 nm) | EML
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(20 nm) | ETL (40 nm) | cathode), with a mixed-matrix emissive layer
containing equal concentrations of the hole transport layer (HTL) and
electron transport layer (ETL) materials (host molecules) and 4 mol% of
emitter molecules (guest). The energy level structure is shown in Figure 9.3(a), and the simulation parameters as given in Table 9.1 are used.
The shallow LUMO and deep HOMO energies of the HTL and ETL,
respectively, ensure perfect carrier blocking, so the recombination efficiency is 100%. We already showed in Chapter 5 that for similar singlematrix OLEDs that the carefully chosen guest trap depth (0.2 eV for
electrons and holes) leads to a quite optimal balance between a small
roll-off and a low operating voltage. First, the OLED performance under
steady-state conditions (no degradation) is discussed (Figures 9.3(b–e)).
Subsequently, the decrease of the emission in the presence of degradation is shown (Figure 9.3(f)). Figure 9.3(b) shows the roll-off of the IQE
as a function of the current density and (inset) the current-voltage (J (V ))
curve in the range 3–6 V. The full curve is a fit to the roll-off using the
often-used empirical expression
ηIQE =

1+

ηrad
( )m ,
J

(9.4)

J50

with J50 the current density at which the IQE has been reduced by
a factor 2, and m an exponent which increases with increasing steepness of the roll-off around J50 . It may be seen that this expression provides
an excellent
fit. Alternatively, the IQE may be written as ηIQE =
[
]
Γ/(Γ + Γq ) ηrad , with Γq the effective rate of all loss processes due to
quenching (and annihilation). It follows from Eq. (9.4) that the relative
quench rate, Γq /Γ, may be expressed as
( )m
Γq
J
ηrad
=
−1 =
.
(9.5)
Γ
ηIQE
J50
A double logarithmic plot of the quantity [(ηrad /ηIQE ) − 1] should
then yield a straight line with a slope m and an x-axis zero-crossing at
J = J50 . We call this a quench rate plot. Possible deviations from Eq. (9.4)
for small current densities can be seen more clearly from such a plot
than from the roll-off curve. Figure 9.3(c) shows that Eq. (9.4) is indeed
well obeyed within the current density range studied. The fit parameters
are J50 = 10.0 kA/m2 and m = 0.80. Such a fit makes it possible to quite
accurately derive the roll-off at small current densities, where the simulation results are somewhat less accurate due to relatively larger statis1
tical fluctuations. The current density J90 = (1/9) m J50 , which is a more
commonly used measure for the roll-off, [11] is equal to 642 A/m2 . This
value is higher than the highest values of J90 for phosphorescent OLEDs
reported to date, which range up to 300 A/m2 . [11] We attribute the improved roll-off in the simulated device to the effect of carrier trapping on
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the mobility in the EML. Figure 9.3(d) and 9.3(e) show the charge carrier
concentration and emission profiles, respectively, at 3 V. As may be seen
from the figures, strong accumulation of electrons at the anode-side of
the EML and of holes at the cathode-side of the EML is prevented, and
the emission profile is quite uniform across the thickness of the EML. A
study in Section 9.4 of the effect of the guest trap depth supports this
picture. We find that in the current density range studied the roll-off is
almost completely due to TPQ. We found a similar conclusion in Chapter 5 for Ir(ppy)3 and PtOEP based devices, where the small contribution
of TTA was attributed to the relatively small triplet concentration in the
devices at the current densities studied.
Figure 9.3(f) shows for the same device the decrease of the emission
at 6 V as a function of the time during a degradation simulation, assuming only TPQ-t processes and for pdegr = 1. The excited polaron
is then in all cases located on the dye molecule, so that each TPQ process leads to degradation of the dye site involved. The simulations were
carried out with and without triplet exciton diffusion. Switching off diffusion makes the simulations computationally less intensive, so that for
the same total simulation (CPU) time the simulated time is much larger.
Under these strongly accelerated conditions, the time at which the emission is reduced to 90% of the t = 0 value (LT90) is (5.5 ± 1.0) and
(7 ± 2) µs, respectively. For the small emitter concentration used, the effect of diffusion of excitons to already degraded sites is thus quite small.
The figure shows that a stretched exponential function (dashed curve,
I ∝ exp[−(t/τlife ] β ] with a (1/e) lifetime τlife ≈ 80 µs and β ≈ 0.91) provides a reasonable, although not perfect, fit. In Section 9.4 we show that
diffusion becomes more important at larger dye concentrations. Simulations of this type are expected to provide a prediction of the real lifetime
for any other dye concentration and EML thickness after extrapolation
of the simulation results to smaller current densities, and after a “calibration” experiment to deduce the actual value of pdegr .
9.3

the uniform density model – the relationship between
roll-off and lifetime

In this section, it is first shown how within the framework of the uniform
density model (UDM) simplified expressions may be obtained for the dependence of the IQE roll-off on the material and device parameters (subsection 9.3.1). The analysis leads to a shape of the roll-off curves which
is consistent with the empirical roll-off given in Eq. (9.4), and obtained
from the 3D-KMC simulations shown in Figure 9.3. In subsection 9.3.2, it
is shown how, under the assumption that upon a triplet-polaron quenching process subsequently (with a small probability) a degradation process takes place, the lifetime is related to material and device parameters.

9.3 the uniform density model

Figure 9.3: 3D-KMC simulation example, as discussed in Section 9.2.5. (a) Energy level structure of the OLED considered. (b) Current density
dependence of internal quantum efficiency. The full curve is a fit using Eq. (9.4). (c) Current density dependence of the relative quench
rate. (d) Hole and electron concentration profiles at 3 V. The full
curves are guides-to-the-eye. The molecular layers in the EML are at
a distance of 41 to 60 nm from the anode, and the cathode is at a distance of 101 nm from the anode. (e) Emission profile at 3 V. The full
curve is a guide-to-the-eye. (f) Time-dependence of the normalized
emission at 6 V (degradation study), assuming only TPQ-t processes
and assuming pdegr = 1, with and without exciton diffusion (closed
and open symbols, respectively). The dashed curve is a stretchedexponential fit to the simulation results without diffusion, using the
parameter values discussed in the text. In figures (b) and (c) the statistical uncertainty of the data points is smaller than the size of the
data points. In figures (d,e) and (f) the statistical uncertainty may be
judged from the variability with the position and time, respectively.
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The analysis suggests that the exponent which gives the superlinear decrease of the lifetime with increasing current density in an accelerated
lifetime experiment may be obtained from the shape of the roll-off curve.
In Sections 9.4 and 9.5, the predictions from the model will be compared
to simulation results for various OLED layer structures.
9.3.1 Roll-off
Within the TPQ-related degradation mechanisms considered in this chapter, the roll-off and lifetime are related. Even if for certain operational
conditions the IQE loss due to TPQ is small, it will thus be of interest
to understand how it depends on the material parameters. In general,
the electron, hole and exciton densities show a dependence on the position in the EML, precluding the development of an analytical model for
the efficiency roll-off. However, we find that it is nevertheless useful to
further develop a simplified model within which the carrier density nonuniformity across the EML or across the part of the EML within which
the emission takes place (“emission zone”) is neglected. [10,11] Within
this uniform density model, an OLED is regarded as a “chemical reaction vessel” with “reactants” (electrons and holes) and “products” (excitons). The interactions between all these species can be complex, but
the neglect of a spatial dependence strongly simplifies the analysis. Figure 9.3(e) shows that it is indeed possible to obtain under some conditions a quite uniform emission profile in the EML. In this section, we
extend the UDM by including the effect of a charge-carrier density of
the mobility and diffusion coefficient, and by including a mechanistic
description of the TPQ rate, leading to a refined expression for the rolloff.
We consider a phosphorescent OLED with in the emission zone uniform and equal electron and hole volume densities, ne = nh = n, and
a uniform triplet density, nT . Under steady-state conditions, the exciton
generation rate is equal to the exciton loss rates due to radiative and
non-radiative decay, TPQ, TTA and dissociation. Neglecting TTA (as the
simulations shown in Section 9.2.5 and shown in Chapter 5 suggest that
TPQ is more relevant) and dissociation, the triplet density balance may
under steady-state conditions be written as
dnT
n
2e
= − T − 2kTPQ nnT + n2 µ(n) = 0,
dt
τ
ε

(9.6)

with kTPQ the TPQ coefficient, µ(n) the charge density dependent mobility, which is assumed to be equal for holes and electrons, and with
the last (generation) term as expected from the Langevin formula, neglecting the electric field dependence of the exciton generation rate and
neglecting a correction to the mobility in bipolar devices. [33] The radia-
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tive decay rate will be proportional to the triplet density, so that from
Eq. (9.6) the IQE roll-off is given by
ηIQE ( J ) =

nT
nT (kTPQ = 0)

ηrad =

ηrad
.
1 + 2τkTPQ n

(9.7)

Simple expressions for the current density dependent functions n( J ) and
kTPQ ( J ) may be obtained as follows. The condition of charge conservation (the number of injected carriers is equal to the number of excitons
created, both per unit of time and area) implies that
J
e
= 2n2 µ(n) × d,
e
ε

(9.8)

with d the thickness of the recombination zone (or, for a well-designed
OLED, the thickness of the EML). We assume that the mobility may be
expressed as
( )b
n
∼
µ ( n ) = µ1
,
(9.9)
Nt
where the prefactor µ1 is the mobility as obtained by extrapolation from
the carrier density range of interest to the total site density, Nt (concentration c ≡ n/Nt = 1), and with b > 0. The electric field dependence of
the mobility has been neglected. Eq. (9.9) is exact for the case of an exponential density of states (DOS), [34] and provides for a Gaussian DOS
a fair approximation in charge carrier density ranges with a width of at
least one order of magnitude. [27] In both cases, b increases with increasing energetic disorder. An effective carrier density dependence of the
mobility arises also in host-guest systems with a bimodal Gaussian density of states. [35] The exponent b depends then on the energy distance
between the host and guest states. Combining Eqs (9.8) and (9.9) leads
to
(
) 1
2+ b
εNtb
J
n=
.
(9.10)
2e2 dµ1
Note that n does not depend on the triplet-polaron quench rate. Tripletpolaron quenching is the result of encounters of diffusing triplets and
polarons. In phosphorescent OLEDs, with typical dye concentrations of
5–10 mol%, the diffusion length of triplets is very small (of the order
of the Förster radius, which we take 1.5 nm). TPQ is therefore predominantly due to the diffusion of the charge carriers, so that kTPQ is proportional to the charge carrier diffusion coefficient, D. From diffusion
theory, [36] it is known that for the case of a capture radius Rc , the rate
coefficient is then given by
kTPQ (n) = 4πD (n) Rc = 4π

kB T
µ ( n ) Rc ,
e

(9.11)
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Table 9.2: Summary of roll-off parameters for the case of uniform and equal
carrier densities, equal electron and hole mobility functions, equal
exciton-polaron quench rates, and no dissociation. For the case b = 0,
we have µ1 = µ.

constant mobility (b = 0)

general case
m=

1+ b
2+ b

J50 =

(
ε

m=
µ1
Ntb

)

1
1+ b [

2e2 d
(
] 2+ b
)
k T
8π Be Rc τ 1+b

J50 =

1
2

e4 d
εµ×32(πkB TRc τ )2

where the second step has been made using the Einstein equation which
relates the diffusion coefficient to the mobility. The TPQ rate coefficient
is thus carrier density dependent. The electric field dependence of the
diffusion coefficient has been neglected. For simplicity, we have used
the standard form of the Einstein equation, for non-interacting particles,
instead of the generalized Einstein equation which would lead to a correction at high carrier densities. [37] From Eqs (9.7)–(9.11) it follows that
ηIQE ( J ) =
1 + 8π kBeT Rc τ

ηrad
( )
µ1
Nt

1
2+ b

(

ε
J
2e2 d

) 1+ b .

(9.12)

2+ b

This simplified analysis leads thus to expression for the roll-off which
is consistent with the empirical expression (Eq. (9.4)) which is often
found experimentally in OLEDs. Also the roll-off as obtained from simulations for the devices studied in this chapter is quite well described
using Eq. (9.4) (see Section 9.2.5 and Section 9.4). The parameter values
m and J50 are given in Table 9.2 for the general case and for the specific
case of a constant mobility (b = 0). If all other factors remain the same,
the roll-off can thus be reduced by (i) decreasing the mobility in the
EML (as then the TPQ rate decreases), (ii) increasing the emission zone
thickness (as then the polaron density decreases), (iii) decreasing the
radiative decay time (as then radiative decay better outcompetes TPQ),
and reducing the TPQ capture radius. The model suggests that the slope
of the quench rate curve will be in the range 0.5 to 1.0, depending on
the (effective) disorder of the mobility in the EML. The value m = 0.80
found for the example discussed in Section 9.2.5 is well in that range.
The effective mobility exponent b is then approximately equal to 3. Interestingly, only a relatively weak sensitivity of the relative quench rate
and J50 to the mobility prefactor µ1 is then expected, viz. Γq /Γ ∝ µ1−0.2
and J50 ∝ µ1−0.25 .
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9.3.2

Lifetime

Within the UDM, the degradation rate of an emitter molecule in the EML
is given by
d f degr
= g × pq × pqd × pdegr × (1 − f q ),
dt

(9.13)

with f degr (t) the fraction of the emitter molecules which on time t has
already degraded, pq the probability that an exciton is lost due to TPQ,
pqd the probability that the TPQ process occurs on a dye site (which depends on the type of TPQ-process considered and on the emitter density,
see Section 9.5), and pdegr the probability that an excited polaronic dye
molecule degrades. The value of pdegr depends on the chemical stability of the molecule, and must be determined experimentally. Within the
framework of the UDM, the exciton generation rate per dye site is equal
to
g=

J
,
e × d × ndye

(9.14)

with ndye the volume density of emitter molecules in the EML. If the light
emission intensity I (t) is proportional to the fraction of non-degraded
sites, as expected in the absence of exciton diffusion, it is (from Eq. (9.13))
given by
(
)
t
I (t) = (1 − f degr ) I (0) = exp −
I (0),
(9.15)
τlife,nd
with a (1/e) lifetime when no exciton diffusion is included, τlife,nd , given
by
τlife,nd =

1
pq pqd pdegr

×

e × d × ndye
.
J

(9.16)

Using that pq = (1 − ηIQE /ηrad ), when writing ηIQE = ηrad / [1 + ( J/J50 )m ],
where J50 and m can be obtained from Table 9.2, it follows that pq ∼
=
m
( J/J50 ) for small current densities (J ≪ J50 ), so that then
τlife,nd ∼
=

m
e × d × ndye × J50
1
×
.
pqd pdegr
J m +1

(9.17)

The model thus establishes a relationship between the roll-off and the
lifetime in the absence of exciton diffusion. If valid, Eq. (9.17) can be
used to predict τlife,nd already from a steady-state simulation, instead of
from a usually computationally more demanding explicit 3D-KMC lifetime simulation. For the case of the systems discussed in Section 9.2.5,
the dye concentration dependence of the lifetime predicted by Eq. (9.17)
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will be investigated in Section 9.5. Eq. (9.17) furthermore leads to an algebraic dependence of the lifetime on the current density, τlife ∝ J −n , with
a current density acceleration exponent n = m + 1. As m was predicted
to fall in the range 0.5 to 1, n will be in the range 1.5 to 2. Such a current density dependence is indeed often observed in accelerated lifetime
experiments. [38]
9.4

sensitivity of the roll-off to material parameters

The benefits of using the symmetric mixed-matrix OLEDs of the type
shown in Figure 9.3(a) are found to be quite similar to those of the otherwise identical single-matrix OLEDs studied in Chapter 5. Due to the
use of dyes which act as hole and electron traps with a trap depth, ∆1 ,
around 0.2 eV, the carriers are slowed down in the EML, so that no
charge accumulation occurs in the EML near the interfaces. At voltages
around 3 V and below, the emission profiles are quite uniform, leading
to a small IQE-loss. In this section we further analyze the sensitivity of
the roll-off to ∆1 , to a hole (electron) injection barrier ∆2 from the HTL
to the host in the EML (from the ETL to the host in the EML), and to
various other material parameters including the triplet emissive lifetime,
triplet binding energy and the Förster radius for triplet diffusion. Figure 9.4(a) shows the energy level structure of the devices studied. The
analysis leads to two energy level design rules from which the roll-off
can be minimized without introducing a large voltage increase.
Figure 9.4(b) shows the quench rate curves for devices of the type
shown in Figure 9.4(a), with variable guest trap depths ∆1 in the range
0–0.5 eV and with ∆2 = 0 eV. The simulations were carried out for a
series of voltages in the range 3–6 V, for the parameter values given in
Table 9.1 and for a typical Ir-dye concentration of 4 mol%. Results for the
case ∆1 = 0.2 eV were already given in Figure 9.3. The figure confirms in
a quantitative manner the more qualitative picture mentioned above. It
may be seen that for all values of ∆1 , the empirical expression (Eq. (9.4))
for the roll-off is well obeyed, with a value of J50 which increases until it
saturates for ∆1 ∼
= 0.2 eV. The use of deeper traps leads to a significant
reduction of the current density at a given voltage, and is therefore unfavorable from a point of view of optimizing the power efficiency. That
may be seen from the current density at a fixed voltage, e.g. 3 V and 4 V
(indicated in the figures by large and filled symbols). We find that variations of (i) the disorder energy σ, from 0.075 to 0.125 eV, (ii) the EML
layer thickness d, from 10 to 30 nm (at a fixed 100 nm total thickness),
or (iii) the wavefunction decay length λ (from 0.3 to 0.1 nm) have no significant or only little effect on this picture. For single-matrix OLEDs we
find that for ∆1 < 0.2 eV the quench rate is a factor ∼ 1.5 larger than for
the mixed-matrix devices, and that saturation occurs at ∆1 ∼
= 0.25–0.3 eV;
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the quench rate curves coincide then to those shown in Figure 9.4(b). We
attribute this to the somewhat larger mobility in single-matrix OLEDs,
as all host molecules contribute to the transport, so that deeper traps
are needed to obtain a uniform emission profile. A first design rule for
symmetric OLEDs is thus that the dye trap depth ∆1 should ideally be
∼ 0.2 eV or 0.25–0.3 eV, for mixed-matrix or single-matrix OLEDs, respectively.
As a second design rule, we find that the HTL-EML(host) and ETLEML(host) injection barriers ∆2 should ideally be (0.0 ± 0.1) eV. This may
be concluded from Figure 9.4(c), which shows the effect of variations of
∆2 from −0.3 to +0.3 eV, for a fixed value ∆1 = 0.2 eV. For positive injection barriers, accumulation of charges occurs in the transport layers,
which enhances the TPQ rate near the EML interfaces. When decreasing
the barrier to ∆2 ∼
= 0, the decrease of the relative quench rates saturates.
Although a further reduction of ∆2 does not further diminish the rolloff, it gives rise to an increase of the voltage required to obtain a certain
current density, as dissipation occurs due to the energy loss when the
carriers enter the EML.
Figure 9.4(c) shows that the quench rate at small current densities and
the slope parameter m characterizing the relative quench rate curves do
not only depend on the transport and excitonic parameters in the EML,
but also on the injection boundary conditions. We find that their effect
on the shape of the emission profiles, and thereby on the roll-off, cannot
be neglected. Giving a detailed quantitative analysis is beyond the scope
of this chapter; we limit ourselves here to a brief qualitative discussion.
In the absence of injection barriers (∆2 ≤ 0 eV), the emission profiles for
systems with ∆1 ≥ 0.2 eV are found to be quite uniform at low voltages.
However, above 3 V, only part of the exciton generation occurs in the
bulk of the EML. A fraction of the charges passes the EML and is finally
blocked. Charge accumulation zones develop near the EML interfaces,
and the emission originates to an increasing extent from these interfacial zones. The gradual splitting of the emission profile into two narrow
peaks near the interfaces is expected to contribute to the large slope of
the relative quench rate curves. Using Eq. (9.10), we deduce for such
devices a value of b ∼
= 1.33 from an analysis of the carrier density dependence of the current density in the center of the EML (where due to the
symmetry the electron and hole densities are equal). Within the framework of the UDM, this value would lead to m ∼
= 0.7, which is indeed
∼
somewhat smaller than the value m = 0.80 obtained from the quench
rate curves. In the presence of large barriers for carrier injection into the
EML (∆2 ≥ 0.2 eV), charge accumulation occurs already at small voltages near the EML interfaces. The emission is then almost completely
confined to the two thin interfacial zones. As a result of the large local
carrier density, TPQ leads already at low current densities to a relatively
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large quench rate. With increasing voltage (and current density), the effect of the injection barriers at the EML interfaces is reduced. There is
then less charge accumulation near the interfaces, and a larger fraction
of the exciton formation occurs in the bulk of the EML, where the charge
density is relatively small. These two effects explain the small slope of
the relative quench rate curve for such cases, e.g. m ∼
= 0.20 for devices
with ∆2 = 0.3 eV (as may be deduced from Figure 9.4(c)).
As a next step, we have investigated the sensitivity of the roll-off to a
variation of the hopping attempt rate to the first neighbor, ν1 , throughout
the entire device. This corresponds to a variation of the mobility prefactor µ1 introduced in Section 9.3. The simulations confirm the expectation
that for the symmetric devices studied the relative quench rate curves
are only weakly sensitive to µ1 . For simulations with ν1 enhanced or decreased by a factor of 100 as compared to the value given in Table 9.1,
the relative quench rates as extrapolated to J = 10 A/m2 are found to
differ by only a factor ∼ 5. [39] From Eq. (9.12), a factor ∼ 6.3 would be
expected when assuming the value b = 3.0 which would follow from
the observed slope parameter m = 0.80. At larger current densities an
even smaller effect of changing ν1 was found; the J50 -values were only
different by a factor ∼ 2. We emphasize that this result does not imply
that the hopping attempt rates are not important to the roll-off of OLEDs.
Layer-specific or charge carrier-specific differences, e.g., may result in a
non-uniform emission profile and hence in an increased efficiency loss.
Figure 9.5(a) and 9.5(b) show the sensitivity of the quench rate curves
to the effective radiative decay time τ, at a fixed value of the radiative decay efficiency (ηrad = 0.75), for a triplet exciton binding energy,
ET,b , equal to 1.0 and 0.5 eV, respectively. Simulation results for 0.75 eV
(not shown) are essentially the same as for 1.0 eV. As mentioned in Section 9.2.4, a significant dissociation rate is expected unless ET,b is well
above ECT,b = 0.48 eV. This is confirmed by simulation results. If ET,b is
0.75 eV or higher, the quenching loss is essentially independent of ET,b .
Furthermore, it is simply inversely proportional to τ (dashed lines) as
expected from Eq. (9.12). The roll-off is sensitive to ET,b below a value
of 0.75 eV, as may be seen from the J50 ( ET,b ) dependence shown in Figure 9.6 (closed symbols). For ET,b = 0.5 eV, the quench rate is significantly enhanced, in particular at small current densities, so that the
roll-off curves do not obey Eq. (9.4) anymore. The observed reduction of
the slope of the quench rate curves, to values which can be smaller then
0.5, may be understood from an extension of the UDM which includes
dissociation. [39] The observation that at very large current densities the
effect of dissociation becomes less may be explained by considering that
then such a high volume density of charge carriers is available for exciton formation that very soon after dissociation already new pairs are
formed.
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Figure 9.4: (a) Energy level structure of the symmetric OLEDs studied. (b)
Quench rate curves for OLEDs as show in figure (a), with a varying energy distance ∆1 between the host and guest levels in the
EML and with ∆2 = 0 eV. The results shown in the figure provide a
motivation for the first OLEDs design rule, discussed in Section 9.4.
(c) Quench rate curves for OLEDs as shown in figure (a), with fixed
energy levels in the EML (∆1 = 0.2 eV), but with varying barrier
heights ∆2 from the HTL and the ETL to the host levels in the EML.
The ∆2 = 0.0 eV case is as shown in Figure 9.3. The results shown in
the figure provide a motivation for the second OLEDs design rule,
discussed in Section 9.4. In both figures, large and filled symbols
indicate the data points obtained at 3 and 4 V. The statistical uncertainty of the data points is for J > 102 A/m2 of the order of the
symbol sizes, as may be judged from a comparison with the linear
dashed guides-to-the-eye, but becomes somewhat larger for smaller
current densities.
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Figure 9.5: Current density dependence of the relative quench rate for OLEDs
as shown in Figure 9.3(a) for various effective radiative decay times
relative to the default value (τ0 = 1.38 µs, see Table 9.1), for (a)
ET,b = 1.0 eV, and (b) ET,b = 0.5 eV. Thick curves indicate the results for τ = τ0 , and dashed lines indicate the linear τ/τ0 dependence which is expected in the absence of dissociation, and using
the ET,b = 1.0 eV result as a reference. The statistical uncertainty of
the data points is of the order of the symbol sizes, or smaller.
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Figure 9.6: Closed circles: dependence of the 50% roll-off current density, J50 ,
on the triplet exciton binding energy, for symmetric mixed-matrix
OLEDs with an energy level structure as given in Figure 9.3(a)
(closed symbols). Open circles: J50 for asymmetric mixed OLEDs
with the same HTL, EML (host) and ETL energy level structure, but
with a guest HOMO and LUMO level structure as shown in the inset and with in the EML a composition as indicated. The statistical
uncertainty of the data points is of the order of the symbol size.

At the 4 mol% dye concentration assumed in the preceding simulations, and for the small Förster radius for triplet diffusion assumed
(RF,diff = 1.5 nm), triplet diffusion does not contribute significantly to the
TPQ rate. In Figure 9.7, the results of a study of the role of triplet diffusion are shown. For clarity, Dexter-type diffusion has been switched off.
Varying RF,diff in steps of 1.5 nm reveals only a significant contribution
to the roll-off for RF,diff equal to 3 nm and larger, for the default 4 mol%
dye concentration as well as for 8 mol% devices. The figure also shows
that increasing the dye concentration increases the sensitivity to triplet
diffusion, as expected. The effect of triplet diffusion is largest at small
current densities, so that the quench rate curves become non-linear, as
due to the carrier density dependence of the polaron diffusion coefficient
the relative role of polaron diffusion is larger at large current densities.
We conclude that for dye concentrations of 8 mol% or less, the uncertainty concerning the most appropriate description of triplet diffusion is
expected to contribute only a small uncertainty to the simulation results
presented above. We note that triplet diffusion can also contribute to less
roll-off, viz. when in the case of a strongly non-uniform emission profile
the triplets migrate to regions with a smaller polaron density. [40]
Realizing OLEDs which satisfy the first design rule (equal ∼ 0.2 eV
hole and electron trap depths due to the guest levels in the EML) is in
practice not always well possible, due to a lack of suitable host materials
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Figure 9.7: Dependence of the quenching curves on the Förster radius for triplet
exciton diffusion, RF,diff , for two values of the Ir-dye concentration,
obtained from simulations for the OLED shown in Figure 9.3(a). The
full and dashed curves are guides-to-the-eye, consistent with the numerical accuracy of the simulation data. The statistical uncertainty
of the data points is equal to symbol sizes, or smaller, except for the
data points close to J = 102 A/m2 , where it is slightly larger.

with accurately tuned HOMO and LUMO levels. It is therefore of interest to investigate the sensitivity to deviations of the precise relative positions of the host and guest energy levels. The open circles in Figure 9.5
shows the results of such a study, carried out for asymmetric mixedmatrix OLEDs with ∆1,h = 0.3 eV hole trap depth and a ∆1,e = 0 eV
electron trap depth (as shown in the inset). By choosing unequal concentrations of the hole and electron transporting host materials in the EML
(76 and 20 mol%, respectively), the reduction of the effective hole mobility due to the trapping of holes at dye sites is partially compensated. The
simulation results show a much stronger sensitivity of the roll-off to ET,b
than for the case of a symmetric OLED with ∆1,h = ∆1,e = 0.2 eV (closed
spheres). This may be attributed to the strongly enhanced triplet exciton
dissociation probability, as also CT states consisting of a hole on a dye
site and an electron on a host site can be formed. In view of the sensitivity of the roll-off to ET,b , it is important to be able to obtain its value
accurately from experiment. By definition, ET,b = ELUMO − EHOMO − ET .
It can therefore be obtained, at least in principle, from a determination
of the single particle energy gap, ELUMO − EHOMO , and a measurement
of the triplet energy. However, the accuracy of commonly used methods for obtaining EHOMO and ELUMO from e.g. cyclic voltammetry, from
a combination of photoelectron spectroscopy and inverse photoelectron
spectroscopy, or from density functional theory calculations, is a subject
of current debate. [41,42] Partial information follows from the difference
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between the singlet and triplet exciton energies, which for the commonly
used green emitter material Ir(ppy)3 is approximately 0.4 eV. [43] Assuming a singlet exciton binding energy of a few tenths of an eV, ET,b would
then be around 0.6–0.9 eV.
9.5 sensitivity of the oled lifetime to the ir-dye concentration
In this section, a comparison is given between the results of explicit
3D-KMC simulations of the lifetime of OLEDs of the type shown in
Figure 9.3(a), for a range of Ir-dye concentrations, and the prediction
obtained from the UDM discussed in Section 9.4. When exciton diffusion
may be neglected, a fair agreement is obtained for the TPQ-p and TPQt degradation scenarios. From a comparison of the simulated lifetimes
with the experimental lifetime in state-of-the-art devices, an estimate is
made of the degradation probability per TPQ process, pdegr . Figure 9.8
shows the results of 3D-KMC simulations of the lifetime of OLEDs of
the type shown in Figure 9.3(a) as a function of the Ir-dye concentration
in the EML, at a fixed voltage (6 V), for the case of TPQ-p and TPQt processes (see Figure 9.2). The simulations were carried out with the
purpose to investigate the usefulness of the UDM as a means to predict
the OLED lifetime from the results of steady-state simulations, and to
investigate to what extent exciton diffusion (which was neglected in the
UDM) affects the results. Typical examples of the raw simulation data
were already shown in Figure 9.2(f).
In the case of a TPQ-t process, the excited-state polaron is created on
the molecule where the exciton was located. With a very high probability,
around 0.97 and 0.98 for Ir-dye concentrations xIr = 2 and 4 mol%, respectively, and for higher concentrations essentially 1, the excitons are located on the dye sites. Each TPQ process then leads to the conversion of
an emissive dye molecule into a degraded (non-emissive) dye molecule,
so that pqd ∼
= 1 in Eq. (9.17). It follows from Eq. (9.17) that the lifetime is then expected to be proportional to the volume density of Ir-dye
molecules, if all other factors remain constant. However, the actual concentration dependence is affected by the concentration dependence of
the current density, which is found to be minimal around xIr ∼
= 9 mol%.
At smaller concentrations, the dyes act predominantly as trap sites, so
that the mobility then decreases with increasing xIr , whereas at larger
concentrations direct dye-dye transport is the predominant transport
mechanism. The mobility then increases with increasing xIr . Figure 9.8
(closed spheres) shows that the predicted LT90 lifetime indeed increases
for small xIr , but that it shows a maximum around 15 mol%. The lifetime
as obtained from explicit 3D-KMC simulations is for small dye concentrations within a factor 2 of the predicted value, but is smaller by a factor
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of approximately 4 for large concentrations. The difference at large dye
concentrations is mainly due to the neglect of exciton diffusion in the
UDM, as may be concluded from the observation that simulations within
which diffusion is switched off (small circles) agree then excellently with
the prediction from the UDM. The small discrepancy at small concentrations might be due to deviations from a uniform emission profile, either
laterally or in the direction perpendicular to the EML.
Upon a TPQ-p process, the excited-state polaron is created on the
molecule at which the polaron was located. From the steady-state simulations, we find that the probability that TPQ occurs on a dye site (pqd )
is to an excellent approximation proportional to xIr , and approximately
0.42 for xIr = 0.1. As a result, the lifetime as predicted from Eq. (9.17)
is approximately independent of xIr (closed squares in Figure 9.8), and
larger than as expected for the TPQ-t scenario. The explicit 3D-KMC
simulation results (open squares) confirm the latter expectation. However, the xIr dependence is larger than expected. A preliminary analysis
suggests that the statistics of the occurrence of emitter pairs strongly
affects the lifetime for this case. As degradation only occurs when the
exciton and polaron reside both on a dye molecule, it is for very small
xIr rarer than would follow from continuum statistics. That explains the
higher than expected lifetime for the 2 mol% case, and the observation of
saturation of the degradation, viz. when each cluster of Ir-dye molecules
contains a degraded molecule. The emission occurs then from the isolated dye molecules. Giving more in-depth analyses for both scenarios
is beyond the scope of this chapter.
The LT90 lifetime obtained from the simulations is in the range 5–
50 µs when taking pdegr = 1, and for xIr in the 5–10 mol% range. The
current density at 6 V as obtained from the simulations is approximately
4000 A/m2 . In efficient stacked state-of-the-art white OLEDs operated at
a luminance equal to 1000 cd/m2 , the current density is much smaller,
around 10 A/m2 . Assuming a current density acceleration exponent
equal to 1.8 (as expected from the analysis given in Section 9.3.2), an
actual LT90 lifetime of 10,000 hours would then imply an average value
pdegr of the order 10−8 . A method for deducing that probability from
the observed luminance degradation versus time and from transient
photoluminescence studies of degraded devices has been demonstrated
by Giebink et al.[9] Interestingly, for the systems studied, with in the
EML a typical blue-emitting Ir-dye molecule embedded in a 4,4′ -bis(3methylcarbazole-9-yl)-2,2′ -biphenyl (mCBP) host, a similar degradation
probability per triplet-polaron encounter was found, viz. roughly 2 ×
10−9 .
We note that the validity of the assumption that the degradation probability pdegr is independent of the material composition and simulation
parameters has yet to be proven. It is conceivable that protective mech-
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Figure 9.8: Results of explicit 3D-KMC lifetime for the OLEDs shown in Figure 9.3(a) (open symbols) as a function of the Ir-dye concentration,
at 6 V, assuming TPQ-p processes (the triplet exciton hops to the site
on which the polaron resides, open squares) or TPQ-t processes (the
polaron hops to the site on which the triplet exciton resides, open
circles). For the latter case, also simulation results without diffusion
are included (small circles). The closed symbols give the predictions
from the uniform density model (Eq. (9.17)). The vertical scale gives
the actual LT90 device lifetime, multiplied by the (very small) probability pdegr that upon a TPQ process degradation takes place. The
results were obtained with pdegr = 1. The curves are guides-to-theeye. The statistical uncertainty of the data points is equal to symbol
sizes, or smaller.

anisms leading to fast de-excitation of the excited polarons depend on,
e.g., the dye concentration or the applied electric field. If needed, such
mechanisms can be included in the 3D-KMC approach developed.
9.6 summary, conclusions and outlook
Results have been presented of three-dimensional kinetic Monte Carlo
(3D-KMC) simulations of the degradation in phosphorescent OLEDs,
based on scenarios in which the emissive dye molecules are converted to
non-emissive molecules upon a triplet-polaron quenching (TPQ) process.
For the simulation parameters assumed, TPQ processes provide the predominant contribution to the IQE roll-off with increasing current density.
Therefore, the roll-off and lifetime are related. From a simplified model,
assuming uniform charge carrier and exciton densities across the emissive layer (EML), an analytical expression for the roll-off has been obtained in terms of the materials parameters. Within the same approach,
an expression has been obtained (Eq. (9.17)) from which the lifetime due
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to TPQ-induced degradation can be obtained from steady-state simulations. The model is found to provide a fair prediction of the Ir-dye
concentration dependence of the lifetime in a model system, provided
that exciton diffusion may be neglected.
The 3D-KMC model provides a means to investigate the sensitivity
of the roll-off and lifetime to the physical processes assumed, to the
materials-specific parameters and to the layer stack architecture. In this
chapter, we have explored some of these relationships, including the sensitivity to energy level values, the mobility, the triplet binding energy, the
emissive lifetime, energetic disorder, the mobility and exciton diffusion.
We have established how in idealized symmetric OLEDs the roll-off can
be minimized by following design rules for the trap depths of the dyes
in the EML and for the injection barriers from the transport layers to
the EML. Furthermore, it was found that the roll-off is quite sensitive
to the triplet exciton binding energy, ET,b , if that would be smaller than
0.75 eV (i.e. within the framework of our formalism less than 0.25 eV
above the binding energy of CT-excitons with the electron and hole on
nearest neighbor sites). It follows from our results that the development
of more accurate methods for determining the HOMO and LUMO energy levels and ET,b , with an accuracy better than 0.1–0.2 eV, would make
the simulations more versatile. Furthermore, simulation-assisted OLED
lifetime studies should be carried out in order to establish the degradation mechanism. The simulation results suggest that it would be of
interest to vary in such a study the emitter concentration as a means to
make a distinction between different degradation scenarios.
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10

CONCLUSIONS AND OUTLOOK: THE FUTURE OF
MECHANISTIC OLED DEVICE MODELING

In this chapter we will assess the current state of predictive OLED device modeling after the steps made in this thesis and sketch future steps
necessary to complete the chain of modeling steps, introduced in Chapter 1. Furthermore, we will look into some additional applications of
the model developed in this thesis. Finally, we will look at some recent
developments, both in the field of device modeling and in the field of
OLED stack design.
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10.1 conclusions and next steps
In Chapter 1, we discussed the steps needed to develop a mechanistic
OLED device model integrating both charge carrier and exciton dynamics. In Chapter 2 and Chapter 3, we discussed the physical processes that
play a role in OLEDs and introduced a kinetic Monte Carlo approach for
simulation OLEDs and related systems, respectively.
In Chapter 4, we applied the model to study a complex hybrid white
OLED stack. As a first step to a more complete model, we used the exciton generation profile from a bipolar charge transport simulation as
input for the exciton positions and simulated the diffusion, transfer and
decay of the excitons one exciton at a time. Next to the J (V ) characteristics, this approach allowed us to predict the color balance.
In Chapter 5, we integrated the charge and exciton dynamics in a unified model. This allowed us to also consider exciton-charge and excitonexciton interactions, concretely: triplet-polaron quenching (TPQ) and
triplet-triplet annihilation (TTA) in the case of phosphorescent OLEDs.
Lacking information on the detailed mechanism of these interactions, we
described them in perhaps the simplest possible (parameter free) manner, viz. as instantaneous nearest-neighbor processes. We applied the
model to two prototypical phosphorescent OLEDs, studied the cause
of the roll-off, and found that TPQ is the dominant mechanism. Using
an idealized, but potentially realizable symmetric OLED, we developed
design rules for the energy levels of the matrix and dye materials. The
design rules are based on the flattening of the emission profile by tuning
the energy difference of the dye and matrix material.
To get more details on the range over which TTA processes occur, we
studied such processes in Chapter 6 for the case of a host-guest system
typically used in phosphorescent OLEDs by simulating transient photoluminescence (PL). We find that the transient PL results reported in the
literature on application relevant host-guest systems can be described
both by a single-step, long-range Förster-mediated process, as well as
by multi-step exciton diffusion, followed by a short-range final annihilation step. In the first scenario a rather large Förster radius must be
assumed, and in the second scenario a rather long exciton wavefunction
decay length. We concluded that additional information is needed to
make a distinction between both scenarios, and we suggested a novel
data analysis method for obtaining such additional information.
In Chapter 7, we revisited the stacks of Chapter 5 and studied the efficiency roll-off as function of the range of the TPQ and TTA process.
We find that for the red and green phosphorescent OLEDs, the influence of the interaction range on the roll-off is rather minor within a
realistic parameter value range. A reduction of the TPQ contribution is
compensated by additional TTA. It is thus, in general, not possible to
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deduce the interaction range from the shape of the roll-off curves. For
the idealized symmetric devices, we find that tuning of the energy difference between matrix and dye materials – leading to the design rules
developed in Chapter 5 – can have a very different effect for different
interaction ranges. This makes it challenging to develop general design
rules without having additional information on the mechanism and interaction range of TPQ and TTA.
In Chapter 8, we returned to the hybrid white OLED stack of Chapter 4
and applied the model including long-range TPQ and TTA, developed
in Chapter 7, to study the efficiency roll-off and color-point shift. We find
that we get a reasonable description of the roll-off curve for a scenario
with Förster-mediated TPQ and TTA with a relative large interaction
length, viz. a Förster radius of 3 nm. Interestingly, the simulations even
predict a roll-on in the efficiency, as is also found experimentally. However, the change in color balance with an increase in the current density
is not fully reproduced, indicating that additional refinements are necessary.
Finally, in Chapter 9, we made the step to degradation simulations and
studied the sensitivity of the roll-off and lifetime to the material parameters for idealized, but realizable OLED stacks. We focused on a scenario
where TPQ leads to degradation, and considered only nearest-neighbor
processes. The results were quantified using a “uniform density model”
in which the charge carrier and exciton density are assumed to be uniform across the emissive layer. The simulations reproduced the stretched
exponential reduction in luminescence that have been observed experimentally in lifetime experiments.
While the steps above show that we have made progress in developing
simulations for exciton dynamics and integrating this with charge transport simulations, additional steps are necessary to complete the chain of
steps introduced in Chapter 1 in Figure 1.5. This will be the subject of
the next subsections.
10.1.1

Connecting the bottom part of the chain: molecular modeling

As discussed in Chapter 9, quantum chemical, Monte Carlo and Molecular Dynamics methods can be used to determine the morphology of
the layers of an OLED starting from the specification of the molecules,
eliminating the need for experimental input parameters for the charge
transport. However, this is only feasible for a small sample, smaller than
the size of the simulation boxes we use in our approach. To connect
the input from these earlier steps, we need a method to scale this sample to the dimensions our our box. Baumeier et al. presented a statistical
method to produce a larger sample with the same characteristics starting
from a much smaller sample. [1] This approach preserves characteristics
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Figure 10.1: An illustration of the masking approach. The small, open circles
indicate the masked sites in the simple cubic grid of the simulation. The larger dots indicate the sites that are unmasked and thus
represent a molecule in the simulation, with a different color for a
different material. Note that the intersite distance between the grid
sites is much smaller than the average molecular instersite distance
between the unmasked sites.

like the topology and radial distribution functions. Massé et al. have used
this approach to generate a morphology of the dimensions of a typical
simulation box. [2] Next to the positions of the sites, this approach also
produces the distributions of the energy levels and the transfer integrals
from site to site.
The next step is to find a way to simulate this box with random positions using our model for simple cubic grids. As a shortcut, we have
developed an approach using “masked” sites (see Figure 10.1). [2] In this
approach, a given morphology is mapped to a fine simple cubic grid, i.e.
a grid with a much smaller intersite distance than the average molecular
intersite distance. Each molecule is mapped to the nearest site on the
grid, and the remaining sites are “masked” and will not participate in
the simulation. This allows us to simulate a device with a more realistic morphology and topology (i.e. the number of accessible neighbors)
between the hopping sites.
This approach can even be further refined if the hopping integrals
between concrete pairs of molecules are also available. In this approach,
the lattice is only used to determine the topology and the actual hopping
rates are determined from the available transfer integrals. This allows us
to take the influence of the orientation of the molecules on the hopping
rate into account.
A next step would be to also determine the excitonic parameters from
ab initio methods. While exciton energies and decay rates are relatively
easy to compute, exciton transfer rates and the parameters for quenching and annihilation are much more challenging to obtain from ab initio
methods. To our knowledge, no such study has been published for the
materials of interest in OLEDs. As long as these parameters cannot be
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determined from ab initio methods, predictive OLED modeling will remain dependent on experimental materials-averaged input parameters.
10.1.2

Connecting the top part of the chain: optical modeling

The microcavity formed by the metal electrode, organic layers and glass
substrate will influence the outcoupling of light differently for different wavelengths and from different emission positions. As discussed
in Chapter 1, the microcavity effects can be well simulated nowadays.
The recombination profile as calculated in the kMC simulations can be
used directly as input for optical simulation software, like SETFOS [3] or
SimOLED. [4]
In Chapter 1 we also discussed the challenge of outcoupling the light
from the OLED, and how to improve the outcoupling with scattering
layers and outcoupling structures. The simulation of this enhanced outcoupling requires ray-tracing methods, where the path of individual light
rays is traced. To correctly model the interaction of backscattered light
with the OLED stack, the ray-tracing approach should be coupled with
the microcavity simulation.
The two steps above can be added as a simple post-processing step
after the simulations. However, the simulations should already take into
account the so-called Purcell effect. [5] This effect accounts for the change
in radiative decay rate of excitons in a resonant cavity. In practice, this
means that the radiative decay rate will dependent on the position of
the exciton in the device. To use the correct exciton lifetimes, one should
first calculate this lifetime as function of the position (and orientation, if
necessary) and use this as input for the kMC simulations. The emission
profile resulting from the kMC simulation can now be used as input
for optical modeling software to calculate the light output of the device.
Such an approach was already used by Walker et al. [6]
A complication is that it is still not understood how exactly Förster
transfer is affected by the Purcell effect. Experiments have led to ambiguous conclusions. [7–12] However, we expect the influence on the device physics to be modest (see Chapter 9).
10.1.3

Extending the chain: lateral voltage drop and thermal modeling

In the simulation approach presented in this thesis, we only simulate a
small lateral portion of the device and use periodic boundary conditions
in the lateral directions. In large OLEDs, with areas above a few cm2 , the
voltage may not be homogeneous across the complete device, giving rise
to a different voltage drop over the device at different lateral positions.
Several authors have used 2D modeling to predict the voltage drop over
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the full device size. [13–15] Our simulations could be the input for such
2D modeling approaches.
There is one important parameter that we have not addressed so far
in this thesis: the temperature. All the work presented in this thesis
was done for devices applied at ambient room temperature. In practice,
OLEDs can heat up if operated at high current densities. In addition,
for some applications (e.g. automotive) the environmental conditions
may be considerable different from room temperature. Also on a much
smaller scale, some areas in the OLED may have an increased thermal
dissipation, so-called hot spots. The higher temperature will affect the
charge transport and lead to a higher charge carrier mobility and hence
current density. On top of that, even changes in morphology and molecular diffusion could play a role if the temperature is high enough. Thermal modeling of OLEDs is usually approached using finite elements
models. Since the temperature affects the charge transport and therefore
the generation of heat, a fully coupled model should be developed. [16]
10.1.4 Further work on degradation
In Chapter 9 we studied OLED lifetime in a scenario where tripletpolaron quenching leads to degradation, and where this then leads to
formation of a non-emissive site. While, as motivated in that chapter,
this is indeed a realistic scenario, it is probably not the only cause of
degradation in OLEDs. Fortunately, the model can easily be extended
with additional degradation mechanisms, for example a scenario where
excited states, anions or cations of certain molecules are unstable, or
where the effect or degradation is different, for example formation of a
charge trapping state. However, since degradation is an inherently chemical process, it will be challenging to develop a predictive lifetime model
without additional experimental or quantum chemical input.
10.1.5 Improving parameter extraction
As holds for most simulations, the results are as reliable as the input parameters. In Chapter 2, we discussed experimental methods to obtain the
necessary parameters. Alternatively, the parameters could be obtained
from ab initio simulations. While we have obtained a good reproduction
with experimental results using the parameter extraction method discussed in Chapter 2, [17] the correlation between the parameters remains
high. Furthermore, Mesta et al. found that parameters that lead to an optimal fit of steady-state measurements do not always lead to a optimal
fit of dark injection measurements or impedance measurements. [18,19]
Indeed, Szymanski et al. find that using a parameter extraction method
where both transient and steady-state experimental data is used lead to
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Figure 10.2: The photoluminescence efficiency as function of the green Ir(ppy)3
dye concentration in a CBP matrix. [21]

a parameter set with less correlation and can reproduce both transient
and steady-state measurements with a single set. [20]
10.2 potential additional applications of 3d mc oled device modeling
In this thesis, we have used a 3D Monte Carlo device model to study
causes of efficiency roll-off, color point shifts, and lifetime in OLEDs.
However, the are many other potential applications for the device model.
In this section we will suggest a number of potential applications and
areas of further study.
10.2.1

Understanding concentration quenching and the role of aggregation

One of the phenomena in organic materials used in OLEDs that is still
not fully understood is concentration quenching. The efficiency of an
OLED is observed to drop significantly at higher dye concentrations.
This is consistent with the results of measurement of the photoluminescence (PL) efficiency, as shown in Figure 10.2. However, the physical
mechanism of concentration quenching is not well known. Furthermore,
it has not been established whether the effect of concentration quenching can appropriately be included in a predictive excitonic model of the
OLED efficiency and lifetime: why can we use only a limited emitter
concentration, whereas using a high concentration would seem to be
beneficial for the lifetime?
There are many different processes that could contribute to a lower
efficiency for higher dye concentrations, including both electronic and
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Figure 10.3: The different concentration quenching scenarios under study: increased quenching due to enhanced exciton diffusion and the presence of (a) a fixed percentage of quenching dye isomers; (b) quenching at randomly occurring dimers.

excitonic effects. A higher dye concentration leads to more dye sites
leading to enhanced exciton diffusion, which in turn can give rise to
more exciton-quenching at intrinsic or extrinsic quenching molecules (at
low exciton densities), and more exciton-polaron quenching and excitonexciton annihilation (at high polaron and exciton densities). Furthermore, a high dye concentration can lead to the introduction of additional
quenching at dye isomers, dye dimers and larger agglomerates of dyes.
Finally, the detailed exciton and polaron concentration profiles across
the EML will be influenced by the dye concentration, potentially giving rise to a concentration dependence of the quenching rate. So far, it
has not been possible to make a clear distinction between the contributions of these processes by experiment. For, e.g., the case of the oftenused Ir-dyes, both agglomeration and quenching isomers have been observed. [22,23] We have performed proof-of-concept simulations to see
whether we can reproduce the experimental concentration quenching
in a PL study.
study of two concentration quenching scenarios We will
focus on two scenarios, as depicted in Figure 10.3(a) and (b). In the first
scenario (a), a fixed fraction of the dyes will quench excitons (e.g. a
quenching isomer at which immediate non-radiative decay takes place).
At higher dye concentrations, the number of quenching sites increases,
and the diffusion to these sites is enhanced. Within the second scenario
(b), it is assumed that quenching takes place at the randomly occurring
dimers in the system (see Figure 10.4). As soon as an exciton arrives
at a site that neighbors another dye site, the exciton is quenched. This
situation will occur more often if the dye concentration increases.
Figure 10.5 shows the results of photoluminescence simulations for
the two scenarios, compared with the experimental data for Ir(ppy)3 in
a CBP matrix from Ref. 21. In the first scenario, we see a decrease of the
PL efficiency with dye concentration. The effect is stronger for a higher
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Figure 10.4: Visualization of the dye (light blue), matrix (dark blue) and clusters
(white) as function of the dye concentration.

fraction of quenching dyes, as expected. However, the trend observed is
rather different from the experimental trend: the onset at low dye concentration is for quencher concentrations larger than 5% considerably
lower, the saturation values at 100% dye concentration are higher, and
the steepness of the reduction in PL efficiency is lower than observed
experimentally. Also for the second scenario, we see a decrease in PL
efficiency with dye concentration, and a stronger decrease with a large
fraction of the clusters quenching. While this scenario correctly reproduces the onset of of the PL efficiency at low dye concentrations, the
reduction in PL efficiency is too steep compared with experimental data.
We note that the saturation values at high dye concentrations are identical for both scenarios, as would be expected.
It is thus clear that, while we can simulate concentration quenching
effect, the two scenarios studied do not reproduce the experimental behavior. Alternative scenarios are possible, for example scenarios with a
larger exciton wavefunction decay length, or with the effect of “Förster
dampening” proposed by Kawamura et al., [21] in which a certain fraction
of attempted energy transfers results in non-radiative decay. Further investigation is necessary.
10.2.2

Concentration gradients and cross-faded devices

One of the challenges in phosphorescent OLED stack development is the
control and optimization of the shape of the exciton generation profile.
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Figure 10.5: Results of the proof-of-concept simulations for scenario (a) and (b).
Experimental data from Ref. 21. The percentage indicates the fraction of dye sites that is quenching, or the fraction of clusters that is
quenching, respectively.

10.2 potential additional applications of 3d mc oled device modeling

The position in the emissive layer (EML) where the charge carriers meet
and form excitons not only determines the shape of the light emission
profile and the outcoupling efficiency of light, but also has a large influence on the efficiency and lifetime of the device. A non-optimal profile
leads to a high concentration of triplet excitons in close proximity to
quenching sites at which polarons and other triplets reside. The energy
released by these quenching processes is believed to be one of the causes
of device degradation.
Emissive layers in state-of-the-art OLEDs consist of a phosphorescent
dye doped into a conductive matrix. The charge carrier mobility of this
matrix, however, differs for electrons and holes. Depending on the difference in mobility, this can give rise to a non-optimal profile, as depicted
in Figure 10.6(a). To address this asymmetric mobility, a second matrix
material can be introduced in the EML in a so-called mixed-matrix approach. One material is optimized for hole transport, the other for electron transport. While this does have a positive effect on the shape of the
generation profile (see Figure 10.6(b)), the shape is still not optimal in
all cases. Depending on the host and guest energy levels (see Figure 7.4
in Chapter 7), there is a considerable chance that charge carriers will
miss each other while traveling through the layer and only generate an
exciton at the interfaces, giving rise to the doubly peaked shape in Figure 10.6(b).
To prevent carriers from reaching the opposing interface and increase
the chances of exciton generation in the middle of the layer, carriers have
to be “slowed down” when penetrating further into the layer. This can
be achieved by using concentration gradients of the matrix materials
throughout the layer, a cross-fading approach (see Figure 10.6(c)). This
approach has been proposed by several groups in the literature [24–26]
with varying results for linear concentration gradients. The question remains, however, whether the recombination profile can be further optimized by varying the shape of the concentration gradients. We have
performed some preliminary simulations using our device model.
system and results As a start, we tried to reproduce some results
from the literature, specifically the simple devices presented by Erickson
et al. in Ref. 26. The stack layer structure and concentration gradients of
the devices are shown in Figure 10.7. While this single or double layer
approach does have advantages, as pointed out in the paper, the injection
conditions are probably not optimal. The paper compares three different
approaches, as shown in Figure 10.7(a–c): a bilayer (BL) device, a mixedmatrix (MM) device, and a cross-fading (CF) device, all with more or
less the same current-voltage characteristics (experimental curves in Figure 10.8(a)). From the roll-off curves as shown as curves in Figure 10.8(b),
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Figure 10.6: (left) Structure of a typical monochrome OLED, emissive layer
(EML) sandwiched in between a hole transport layer (HTL) and
electron transport layer (ETL) (right) concentration as function of
the position in the EML and the resulting exciton concentration for
different approaches.

it is clear that the cross-fading approach (full curve) gives the best results,
with efficiencies close to the theoretical level of 20%.
The first simulations (symbols in Figure 10.8) yield, however, a different picture. The current density is somewhat overestimated, especially
for the CF and MM devices at low voltages. However, this is not unexpected, since the mobility values are not yet experimentally validated.
While the cross-fading architecture does give a better efficiency than
the bilayer architecture, the shape of the roll-off is not very well reproduced. Furthermore, the simulated mixed-matrix device performs much
better than as observed from the experiment, even better than CF devices. This indicates that there are additional loss processes at work,
not yet accounted for in the simulation. For example, the reduced lightoutcoupling efficiency when the excitons are generated close to the electrode is neglected. Further work is obviously necessary.
A next step would be to perform emission profile reconstruction on
cross-faded devices, giving access to the real shape of the emission profile. Comparing this shape with the concentration profile and simulation
results could provide valuable information on the validity of the simulation assumptions and the sensitivity of the excitonic parameters.
10.2.3 Using concentration gradients to study the charge carrier wavefunction decay length
As discussed in the previous section, tuning the mobility balance (mixed
matrix devices) or employing graded concentration profiles (cross-faded
devices) can be used to shape the emission profile. See Figure 10.6 for
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Figure 10.7: Energy levels and concentrations of the three devices studied in the
paper of Erickson et al. [26]

Figure 10.8: Comparison between simulation and experiment: (a) currentvoltage characteristics for cross-faded (solid/square), mixed-matrix
(dotted/triangle) and bilayer (dashed/circle) devices; (b) the rolloff in efficiency for cross-faded (solid/square), mixed-matrix (dotted/triangle) and bilayer (dashed/circle) devices
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Figure 10.9: Energy levels and concentration profile of the symmetric device
studied.

an illustration. However, the matrix concentration ratio or the concentration profiles are not the only elements that determines the shape of the
exciton generation profile.
One of the parameters that also influences the shape, is interesting to
us from a modeling perspective as well: the charge carrier wavefunction
decay length λ. The value of λ determines the distance over which hops
still take place. In a single-component system, this parameter is not very
important, since the transport is completely dominated by nearest neighbor hops. In contrast, in host-guest systems, such as phosphorescent
OLEDs, λ determines whether there still is a percolating path possible
via only guest-to-guest hops. In the literature, we typically find values in
between 0.1 and 0.3 nm for λ. [1,27,28] However, the exact value of λ is unknown for many systems of interest and there is no direct experimental
method to determine λ. Since the emission profile can be determined using emission profile reconstruction, [29] a clear effect of λ on the shape of
the emission profile could provide an experimental means to determine
λ. The expected effect of increased wavefunction decay length is a wider
emission profile for cross-faded concentration profiles, since carriers are
able to penetrate deeper in the EML.
To verify this hypothesis, kinetic Monte Carlo simulations have been
carried out on a symmetric OLED for both λ = 0.1 nm and λ = 0.3 nm
with a cross-faded concentration profile (see Figure 10.9).1 The results
can be found in Figure 10.10. There is indeed a clear difference visible
between profiles obtained for the two values of λ, with the largest λ
giving rise to the widest profile, as expected. Comparing the full-width
at half-maximum, the difference is a factor of 1.7. This difference is expected to be enough to make a distinction between both cases in an
emission profile reconstruction experiment.
However, these are results for a completely symmetric stack, which is
physically not very realistic. Does this method also work for a more
1 This work was presented at the 12th European Conference on Molecular Electronics,
London, United Kingdom (2013).
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Figure 10.10: The normalized recombination profile resulting from the simulation for λ = 0.1 nm (left) and λ = 0.3 nm (right). The thick lines
are guides-to-the-eye.

Figure 10.11: (a) The energy level scheme of a realistic stack and (b) the results
of the simulated recombination profile.

realistic stack? To answer this question, we studied the stack of Figure 10.11(a), based on the energy levels of an existing stack. The results
of the simulations (Figure 10.11(b)) show indeed that also for the realistic case, the profile is wider for λ = 0.3 nm as compared to λ = 0.1 nm.
The effect is, however, more subtle and it will be more challenging to
distinguish the profiles using emission profile reconstruction.
In conclusion, we have shown in this section that the concentration gradients cannot only be used to shape the emission profile, but also to get
insight in the effects of the charge carrier wavefunction decay length on
the emission profile. There is a clear broadening of the emission profile
visible for larger wavefunction decay lengths. A next step would be to
perform emission profile reconstruction to determine the emission profile in experimental devices and use the comparison with the simulation
results to get more insight in the wavefunction decay length.
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10.2.4 Other interesting fields of study
Next to the preliminary and proof-of-concept studies presented above,
there are a number of other topics for which the simulation approach
developed in this thesis is suitable.
reverse bias photoluminescence From simulations, we find
that the photoluminescence (PL) of OLEDs strongly depends on the exciton binding energy, the alignment of the energy levels of the materials
used, and the field applied to the device. In combination with experiments, this approach can be used to study the role of field-induced
dissociation as loss process and potentially to quantify the exciton binding energy. An additional application could be the modeling of organic
photodiodes operated under reverse bias.
transient electroluminescence Transient electroluminescence
(EL) has been used to study a variety of topics in OLED device physics,
including the role of polaron quenching [30] and the role of trap-assisted
recombination. [31] In this approach, a the voltage over an OLED is abruptly changed and the response in electroluminescence measured. However,
to deduce details about the underlying processes, it is essential to have a
good device model to analyze the results of transient EL measurements.
Our simulation method is well-suited to simulate a transient EL experiment, and could be used, in a approach similar as in Chapter 6 for the
analysis of transient PL experiments, to develop a well-founded analysis
method for transient EL experiments.
role of orientation on the förster transfer In the simulations, we describe the energy transfer via a non-radiative dipole-dipole
interaction with the Förster formula. The Förster radius in the formula
depends on an orientation factor, κ, that characterizes the orientation of
the dipoles with respect to each other. For random dipole orientations,
κ = 2/3 can be used. However, we could also describe the energy transfer rate based on the orientation of each specific pair of dyes, using a
separate κ for each pair. Such an approach can be straightforwardly implemented in the simulation to study the effect of dye orientation on the
exciton diffusion and quenching processes.
doped injection layers and recombination layers As discussed in Chapter 1, commercial OLEDs often use doped injection layers
and are based on a stacked architecture, where multiple units are stacked
and connected serially via recombination layers. Often, doped injection
layers are considered to behave as metals and recombination layers are
considered to form ohmic contacts. Indeed, we modeled doped injection
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layers as metallic electrodes in Chapters 4 and 8. It is, however, not sure
that these layers exhibit metallic behavior under all conditions. It would
therefore be of interest to be able to also include these layers explicitly in
the simulation. We successfully performed some proof-of-concept modeling of doped injection layers, and indeed find that the behavior can be
non-ideal at low dopant concentration and high current densities. However, further experimental verification of the predicted trends is needed.
Correctly modeling doped injection layers is the first step towards modeling charge recombination layers as used in stacked OLEDs.
organic photovoltaics In this thesis we fully focused on OLEDs
and related systems. The model developed in this thesis can, in principle,
also be used to study organic photovoltaic (OPV) devices. We have conducted some preliminary proof-of-concept studies to obtain insight in
the parameters that play a role in the simulation of OPV systems and in
the potential model refinements that would be needed. The results show
a strong dependence of the device performance on the exciton binding
energy of singlets and triplets. We also find that the mixing of singlets
and triplets in the CT state plays a important role. For this process, the
model needs a refined description for a more realistic simulation of the
OPV device physics.
A large part of the OPV devices is based on a bulk heterojunction
approach, in which the donor and acceptor materials are intermixed.
To simulate this class of OPV devices, we need a realistic morphology
as additional input for the model. Such a morphology could either be
obtained from ab initio method or an experimental characterization of
the morphology.
10.3 next-generation oleds
In the past five years, there have been a number of interesting development in the OLED field, especially the introduction of thermally activated
delayed fluorescence and of exciplex OLEDs. In this section we will discuss
these recent developments and their potential and challenges, as well
as the feasibility of simulating these next generation OLEDs with the
model developed in this thesis.
10.3.1

Thermally activated delayed fluorescence

As discussed in Chapter 1, in thermally activated delayed fluorescence [32]
(TADF) dyes, triplet excitons can easily be converted back to singlet excitons due to the small difference in singlet and triplet energies. Since
both intersystem crossing and reverse intersystem crossing are included
in our simulations, such dyes can easily be modeled. However, using the
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actual rates may lead to unnecessarily many (reverse) intersystem crossing events. We find that the rates can easily be chosen lower to reduce
the simulation time without effecting the device physics.
Next to OLEDs containing TADF dyes, it would also be of interest to
use our simulation approach to model 3.5th generation OLEDs in which
TADF dyes are used as sensitizer for fluorescent dyes. [33] The simulations can then be used to study the effect of the lifetime and concentration of both dyes on the device efficiency.
10.3.2 Exciplex OLEDs
Recently, Park et al. introduced the concept of exciplex OLEDs. [34] In this
concept, excitons are not directly formed on the dye molecules. Instead,
the matrix material is chosen such that exciplex states can be formed.
The idea is that these exciplex states will then Förster transfer to the dye
molecules. The advantage of this, is that there is no voltage loss due to
the gap between matrix and dye material and the exciton binding energy,
leading to a higher device efficacy (see Chapter 1). The existence of this
transfer mechanism has, to our point of view, not yet sufficiently been
established. Our model could help in the interpretation of the experimental results for validation and give, perhaps, an alternative explanation.
10.3.3 Dissociation induced delayed fluorescence
Next to annihilation-induced delayed fluorescence [35] and thermally activated
delayed fluorescence, [32] there is a third type of delayed fluorescence possible: dissociation-induced delayed fluorescence. It in generally thought that
the (reverse) intersystem crossing of singlets to triplets and vice versa
happens more easily in the charge transfer state, where the hole resides
on a different molecule than the electron. [23] Choosing the energy levels
of the matrix and dye such that exciton dissociation is rather common,
will increase the amount of dissociation-induced delayed fluorescence
and hence the internal quantum efficiency of the device.
10.4 next-generation oled modeling methods
In this section we will discuss a number of recent developments in the
field of organic device modeling and present some ideas that could potentially increase the performance of OLED device simulation.

10.4 next-generation oled modeling methods

10.4.1

Technical advances

accelerating the prediction of the dynamic equilibrium
values The full excitonic-electronic device simulations presented in
this thesis typically take a few days to reach convergence and to gather
enough statistics, depending on the voltage and layer stack. Often, however, the trends are already clear in a much earlier stage, typically two
days. It would therefore be interesting to develop a method that can predict the convergence value of the interesting quantities from the early
results. Especially for the steady-state current density, such an approach
may be viable.
aggregate monte carlo One of the challenges in Monte Carlo approaches to device simulations, is the amount of “useless” events: events
that occur frequently, but do not contribute to the convergence of the simulations. An example is the continuous hopping of a carrier between two
sites of almost equal energy. Andrienko et al. have developed a method
to identify such situations and replace these two sites by an “aggregate
site”, containing properties of both sites. [36,37] A carrier can enter such
an aggregate site under the same conditions and the original sites, and
will also leave the site under the same conditions, so introducing these
aggregate sites has no influence on the device physics. The authors suggest that eliminating the useless hopping between the sites can, however,
significantly reduce the computational effort for problematic systems.
gpu acceleration Many computational approaches have benefited
from the improvements of graphical processing units (GPUs) and the
toolkits that make them accessible for general purpose computing, such
as NVIDIA’s CUDA [38] and OpenCL from the Khronos Group. [39] While
the architecture is significantly different from conventional central processing units (CPUs), and GPUs are not necessarily faster on an instruction level, they excel and easily outperform CPUs in massive parallel computations, such as matrix and vector operations. This has been
exploited for a wide range of scientific applications, including kinetic
Monte Carlo approaches on lattices. [40,41] Also Koster et al. have followed this approach in the development of a code to simulate charge
transport in organic materials. [42] Exploiting GPUs for device simulations can greatly reduce the simulation time, but can also allow for larger
simulations or devices with higher charge and exciton densities.
hybrid methods As discussed in Chapter 3, the approach presented
in this thesis also has some inhered limitations. Other approaches, such
as the 3D Master Equation (3DME) approach briefly discussed in Chapter 3, are very suitable for the simulation of unipolar charge transport
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and AC-operated systems, and are usually much faster. These methods,
can however, suffer from convergence problems. It would therefore be
of interest to use a hybrid approach in which the results of both simulations are combined. For example an AC evolution based on a 3DME
approach, where the initial state is based on a kMC simulation to avoid
convergence issues. Or, for example, a kMC device simulation of the
active layer where the boundary conditions of the injecting layers have
been determined by a 3DME approach.
10.4.2 Third generation Monte Carlo modeling
In Chapter 1, we sketched three generations of OLED modeling. The first
generation, where the device is considered to be laterally uniform, the
second generation, where the molecules are modeled as discrete sites
and energetic disorder is taken into account, and the third generation,
where also intramolecular degrees of freedom, such as the orientation,
positional disorder, and reorganization energy are taken into account.
The model developed in this thesis is a second generation model for
OLEDs including both charge and exciton dynamics. As shown in the
previous chapters, this model already allows us to study a wide range
of device characteristics and, in most cases studied so far, the simulation
results agree well with experiment.
In Section 10.1.1, we already discussed further refinement of the model
by including positional disorder and site-pair specific transfer integrals
for polarons and excitons. Andrienko et al. already discussed a multiscale approach in a recent review paper on OLED modeling. [43] However, given the results of the previous chapters, this leads to a number of
questions. Do we really need to include positional disorder to correctly
model the device physics? Is it enough to take a single wavefunction
decay length or should we include charge transfer integrals for each
pair of molecules? Is the Miller-Abrahams formalism sufficient to describe charge transport, or do we need to take the reorganization energy
into account explicitly and should we use Marcus theory? Does this also
hold for exciton dynamics? For which processes does orientation of the
molecules play a role? Can we make a translation to a 2D (or even a
1D) model? Answering these questions will be the challenge for OLED
device modeling in the years to come.
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S U M M A RY

device physics of organic light-emitting diodes:
interplay between charges and excitons
In this thesis, we present the results of a study of the device physics
of organic light-emitting diodes (OLEDs). OLEDs have already found
widespread applications in the form of displays in smartphones, tablets and televisions, but they can also be used for signage and lighting applications. Despite their widespread applications, the development of next-generation OLEDs still faces a number of challenges. A
first challenge is that the efficiency of OLEDs drops at higher light
output levels, resulting from higher current densities, the so-called
efficiency roll-off. A second challenge is the lifetime of OLEDs. Even
while the lifetime is long enough for many applications, the light output of the OLED will decrease over time due to degradation. A third
challenge is the color point of the OLED and the stability of the color
over time.
To address these challenges, we have developed a device model that
allows us to precisely simulate the charge transport and light-generating processes by rebuilding a virtual OLED in the computer and
adding the mechanisms for all physical processes. We can then follow all processes on a molecular scale, with nanometer spatial and
nanosecond time resolution. OLEDs consist of a stack of layers of organic materials between two electrodes, each with a specific function.
Positive (holes) and negative (electrons) charges are injected from the
two electrodes – the anode and the cathode – and hop from molecule
to molecule both due to the electric field (drift) and due to random
motion (diffusion). Subsequently, electrons and holes will meet on a
single molecule, giving rise to an excited state of the molecule (an exciton). This exciton can also transfer to other molecules, be quenched
by charges or annihilated by other excitons.
To develop a model that includes all these processes in a realistic
manner, we need several building blocks. These building blocks, such
as the charge and exciton dynamics and the interaction between both,
are discussed in Chapter 1. In Chapter 2, we discuss the need for a
mechanistic description of the processes and formulate expressions
for the rate of these processes. In Chapter 3 we discuss the details of
the implementation of the model and the simulation method, which
is based on a so-called kinetic Monte Carlo approach. In this approach we first determine the rate of every possible process in the
device, randomly pick one and execute the process, and add the time
that this process took to the overall simulation time. By repeating
this procedure, we can simulate the movement of all the charges and
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excitons in the device as function of time. Using post-processing, we
can then determine the electrical characteristics, the efficiency roll-off
and the color point from these simulation data.
Using this approach we have simulated the behavior of a complex
white OLED stack. In Chapter 4, we first simulate the electrical behavior of the stack, to find out where the excitons are generated. Then,
in a second step, we simulate how the excitons move within a layer
and from layer to layer. This approach allows us to simulate the electrical characteristics and to predict the color balance. However, we
overestimate the efficiency, since exciton quenching and annihilation
processes are not yet included.
To better understand the role of these quenching and annihilation processes, we study, as a next step, the roll-off of the efficiency of a green
and red phosphorescent OLED, both often found in the literature.
Since little is known about the range over which quenching and annihilation processes take place, we start in Chapter 5 with an approach
where we only consider these processes if the charge and the exciton,
or both excitons, are on neighboring sites. Using this approach, we
are for the first time able to simulate the roll-off in OLEDs without
introducing additional parameters. We obtain an efficiency roll-off
which corresponds well with the experimental results. In addition,
we find that exciton-charge quenching is the dominant process causing the efficiency roll-off. In this chapter, we also formulate a number
of design rules using an idealized, but potentially realizable symmetric stack. We find that by tuning the properties of the materials involved we can reduce the roll-off at the price of a higher operating
voltage. While the overall effect of the power efficiency of the device
is therefore minimal, we do expect that the reduction of the roll-off
has a positive effect on the lifetime.
To get more insight in the effect of longer-range annihilation processes,
we study in Chapter 6 exciton-exciton annihilation, using a simulation
of a transient photoluminescence experiment. In this experiment, first
excitons are created by a pulse of light, after which the light coming
from the sample due to fluorescence and phosphorescence is measured as function of time. At high exciton densities, exciton-exciton
annihilation will more quickly lower the number of excitons in the device. This can experimentally be seen as an unexpectedly fast initial
decay of the amount of emitted light. Exciton-exciton annihilation has
been described in the literature in two ways: as a single, long-range
annihilation step, and as a multi-step process where the excitons diffuse until they find each other and annihilate. From the simulations,
we can conclude that it is not possible to distinguish both cases using
the conventional analysis methods. We suggest a novel data analysis
method that does allow one to distinguish both cases.
To study the effect of these longer-range interactions on the efficiency
of a full OLED, we again take a look at the red and green device stud-
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ied in Chapter 5. In Chapter 7 we include longer-range interaction
for both exciton-charge quenching and exciton-exciton annihilation
for various scenarios. We find that for a realistic range of the interaction parameters the effect on the efficiency roll-off is minimal.
A reduction of the exciton-charge quenching leads to an increase of
exciton-exciton annihilation and vice versa. For the idealized devices
introduced in Chapter 5, we find that the developed design rules can
have very different effects for different interaction ranges. It is thus
challenging to formulate design rules that are generally applicable
without having detailed information on the quenching and annihilation processes involved.
Our next step is to apply all the findings of the previous chapters
to the complex white OLED stack studied in Chapter 4. In Chapter 8,
we study the efficiency roll-off and color point shift of this stack as
function of the current density. We find a reasonable agreement with
the experimental roll-off for a scenario with a relative long interaction
range for exciton-polaron quenching and exciton-exciton annihilation.
Interestingly, the simulations also predict an initial increase of the
efficiency, which is indeed observed experimentally. However, the
color shift predicted by the simulations does not fully correspond
with the color shift observed experimentally. This is an indication
that further refinements are still necessary.
Finally, we make one last step and study the degradation of the
OLED over time. In Chapter 9, we study the lifetime of OLEDs for scenarios where exciton-charge quenching leads to degradation. We also
study the sensitivity of the efficiency roll-off and lifetime to the materials parameters. The simulations demonstrate for the first time that
such simulations are feasible, and reproduce the so-called stretched
exponential decay of the light output of the OLED that is also found
in experiments.
The topics discussed in this thesis are only the top of the iceberg
of the possibilities of 3D device modeling. In Chapter 10 we discuss a
number of other interesting topics of study and potential applications
areas, including the role of dye aggregation and concentration gradients, as well as the simulation of organic solar cells. We also propose
several extensions and improvements of the model, such as including
positional disorder and orientation of the molecules. Overall, we can
conclude that 3D device modeling has proven to be a very power tool
to study the device physics of OLEDs, and is likely to become the
method of choice in the near future.

S A M E N VAT T I N G

device fysica van organische light-emitterende diodes:
samenspel tussen ladingen en excitonen
In dit proefschrift worden de resultaten van een studie naar de device
fysica van organische licht-emitterende diodes (OLEDs) gepresenteerd.
OLEDs worden al veel toegepast in de schermen van smartphones, tablets en televisies, maar kunnen ook gebruikt worden voor signaleringsen verlichtingstoepassingen. Hoewel ze al breed toegepast worden, zijn
er nog steeds uitdagingen bij het ontwikkelen van de volgende generatie
OLEDs. Een eerste uitdaging is dat de efficiëntie van OLEDs achteruit
gaat bij hogere lichtsterktes, door hogere stromen te gebruiken, de zogenaamde efficiëntie roll-off. Een tweede uitdaging is de levensduur van de
OLEDs. Hoewel de levensduur lang genoeg is voor veel toepassingen,
gaat de lichtopbrengst van de OLED gestaag achteruit door degradatie.
Een derde uitdaging is het nauwkeurig kunnen instellen van het kleurpunt van de OLED en de stabiliteit van de kleur gedurende de levensduur.
Om deze uitdagingen aan te gaan, hebben we een device model ontwikkeld dat het mogelijk maakt om het ladingstransport en de lichtgenererende processen te simuleren door een virtuele OLED na te bouwen
in de computer en mechanismen toe te voegen voor alle natuurkundige processen. Al deze processen kunnen op een moleculaire schaal
gevolgd worden, met nanometer ruimtelijke en nanoseconde tijdsresolutie. OLEDs bestaan uit een opeenstapeling van lagen van organisch
materiaal tussen twee elektrodes, elk met een specifieke functie. Positieve (gaten) en negatieve (elektronen) lading wordt geïnjecteerd uit de
twee elektrodes – de anode en de kathode – en springt (‘hopt’) van molecuul naar molecuul door zowel het elektrische veld (drift) als door
willekeurige bewegingen (diffusie). Wanneer vervolgens elektronen en
gaten elkaar tegenkomen op een molecuul, komt dat molecuul in een
aangeslagen toestand (een exciton). Dit exciton kan ook aan andere moleculen worden overgedragen, gequencht worden door lading of annihileren met andere excitonen.
Om een model te ontwikkelen dat al deze processen op een realistische manier meeneemt, hebben we verschillende bouwstenen nodig.
Deze bouwstenen, zoals de dynamica van de ladingen en excitonen, en
alle onderlinge interacties, worden behandeld in Hoofdstuk 1. In Hoofdstuk 2 wordt gemotiveerd waarom zo’n mechanistische beschrijving van
de processen noodzakelijk is en worden uitdrukkingen voor de snelheid
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van alle processen geformuleerd. In Hoofdstuk 3 worden de details van
de implementatie van het model behandeld, dat gebaseerd is op een zogeheten kinetische Monte Carlo methode. In deze methode wordt eerst
de snelheid van elk mogelijk proces in de OLED bepaald, waarna er
willekeurig een proces wordt gekozen en uitgevoerd, en wordt de tijd
die dit proces in beslag nam opgeteld bij de totale simulatietijd. Door
deze procedure te herhalen, in de praktijk vaak miljoenen malen, kunnen we de beweging van alle lading en excitonen in de OLED volgen als
functie van de tijd. Door nabewerking kunnen ook de elektrische karakteristieken, de efficiëntie roll-off en het kleurpunt bepaald worden uit de
simulatiegegevens.
Met deze aanpak hebben we in Hoofdstuk 4 het gedrag van een complexe witte OLED gesimuleerd. Eerst wordt het elektrische gedrag van
de OLED gesimuleerd, om te bepalen waar de excitonen gegenereerd
worden. Daarna worden in een tweede stap de bewegingen van de excitonen gesimuleerd. Deze aanpak maakt het mogelijk om de elektrische
karakteristieken te simuleren en de kleurbalans te voorspellen. De efficiëntie wordt echter overschat, omdat de quenching- en annihilatieprocessen nog niet meegenomen worden.
Om de rol van deze quenching- en annhilatieprocessen beter te begrijpen wordt in een volgende stap de roll-off van de efficiëntie van een
rode en groene fosforescente OLED die beide regelmatig voorkomen in
de literatuur, bestudeerd. Aangezien weinig bekend is over de afstand
waarover quenching en annihilatie plaatsvinden, starten we in Hoofdstuk 5 met een aanpak waar deze processen alleen worden meegenomen
als de lading en het exciton, of beide excitonen, naaste buren zijn. Met
deze aanpak is het voor het eerst mogelijk om de roll-off in OLEDs te
simuleren zonder additionele parameters te introduceren. De verkregen
roll-off curve komt goed overeen met de experimentele resultaten. Bovendien blijkt exciton-lading quenching het dominante proces te zijn
dat de roll-off veroorzaakt. In dit hoofdstuk worden ook ontwerpregels
geformuleerd gebaseerd op een geïdealiseerde, maar potentieel realiseerbare symmetrische OLED. Het blijkt dat de roll-off gereduceerd kan worden door de materiaaleigenschappen nauwkeurig te optimaliseren, ten
koste van een iets hogere hogere spanning voor dezelfde lichtopbrengst.
Hoewel het uiteindelijke effect op de vermogensefficiëntie daardoor minimaal is, wordt wel verwacht dat het reduceren van de roll-off een positief effect heeft op de levensduur.
Om meer inzicht te verwerven in het effect van langere-afstands annihilatieprocessen, wordt in Hoofdstuk 6 exciton-exciton annihilatie bestudeerd door middel van simulaties van tijdsafhankelijke fotoluminescentie experimenten. In zulke experimenten worden eerst excitonen gecreëerd door een lichtpuls, waarna het licht door fluorescentie en fosforescentie gemeten wordt als functie van de tijd. Bij hoge excitondicht-
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heden zal exciton-exciton annihilatie het aantal excitonen in de OLED
sneller verlagen. Experimenteel kan dit gezien worden als een onverwacht snelle initiële afname van het geëmitteerde licht. Exciton-exciton
annihilatie wordt in de literatuur op twee manieren beschreven: als een
enkelstaps proces over lange afstand en als een meerstaps proces waarbij
excitonen eerst diffunderen totdat ze elkaar vinden, en vervolgens annihileren. Uit de simulaties kunnen we concluderen dat het niet mogelijk
is beide alternatieven te onderscheiden met de conventionele analysemethoden. Wij suggereren een nieuwe analysemethode die dat wel mogelijk
maakt.
Om het effect dat deze langere-afstands processen hebben op de efficiëntie van een volledige OLED te bestuderen, keren we terug naar de
rode en groene OLEDs van Hoofdstuk 5. In Hoofdstuk 7 worden excitonlading quenching en exciton-exciton annihilatie beide als langere-afstands
processen meegenomen in verschillende scenarios. Het blijkt dat voor
een realistische interactieafstand vrijwel dezelfde roll-off wordt gevonden als in Hoofdstuk 5. Een vermindering van het aantal exciton-lading
quenchings leidt tot meer exciton-exciton annihilaties, en vice versa. Het
blijkt dat de ontwerpregels voor de geïdealiseerde OLEDs in Hoofdstuk 5 zeer verschillende effecten kunnen hebben afhankelijk van de
interactieafstanden. Het is dus lastig om ontwerpregels te formuleren
die algemeen toepasbaar zijn, zonder gedetailleerde informatie over de
quenching- en annihilatieprocessen.
De volgende stap is het toepassen van alle resultaten van Hoofdstukken 5–7 op de complexe witte OLEDs van Hoofdstuk 4. In Hoofdstuk 8
kijken we naar de efficiëntie roll-off en kleurpuntsverschuiving van deze
OLEDs als functie van de stroomdichtheid. De resultaten komen redelijk
overeen met de experimenten voor een scenario met relatief lange interactieafstanden voor excton-lading quenching en exciton-exciton annihilatie. De simulaties blijken ook een initiële toename van de efficiëntie te
voorspellen, iets wat inderdaad ook experimenteel gevonden wordt. De
voorspelde kleurpuntsverschuiving komt echter nog niet overeen met de
experimenten. Dit geeft aan dat verdere verfijning noodzakelijk is.
Tot slot maken we nog een laatste stap en bestuderen de degradatie
van OLEDs. In Hoofdstuk 9 wordt de levensduur van de OLED bestudeerd voor scenarios waar exciton-landingsquenching leidt tot degradatie. Ook wordt er gekeken naar de gevoeligheid van de efficiëntie rolloff en levensduur voor materiaalparameters. De simulaties laten voor de
eerste keer zien dat deze aanpak mogelijk is, en reproduceren de zogenaamde gestrekt exponentiële afname van de lichtopbrengst van OLEDs
die ook experimenteel gevonden wordt.
De onderwerpen die aan bod zijn gekomen in dit proefschrift zijn
nog maar het topje van de ijsberg van de mogelijkheden van 3D device
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modeleren. In Hoofdstuk 10 worden een aantal andere interessante onderwerpen en mogelijke toepassingsgebieden beschreven, zoals de rol van
de aggregatie van kleurstofmoleculen, en soms opzettelijk aangebrachte
gradiënten in de concentratie van de kleurstofmoleculen, en tevens de
simulatie van organische zonnecellen. Alles beschouwd, kunnen we concluderen dat 3D device modellering een zeer krachtig gereedschap is
gebleken om de device fysica van OLEDs te bestuderen. Het zal in de
nabije toekomst waarschijnlijk de voorkeursmethode worden voor het
simuleren van OLEDs.
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