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Chapter 1

Introduction
In this chapter we will introduce the scope of this thesis, which aims at improving
our ability of predictively modelling the functioning of organic opto-electronic devices.
For that purpose we will first introduce the organic material classes used for different
devices. Then we look at the functioning of organic light emitting diodes (OLEDs)
with specific focus on light generation in these devices. We introduce the multi-scale
modelling approach for simulating the device physics, and highlight the role of transfer
theories in the modelling. This brings us at the end of this chapter to the aim of this
thesis, namely to incorporate all the important molecular properties correctly in the
transfer equation in order to predictively model the physics in organic opto-electronic
devices.

2

1.1

Chapter 1. Introduction

Organic electronics

The main promise of using organic materials in opto-electronic devices is the ability to
almost limitlessly adapt the molecular and device structure, leading to enhanced and
even novel device functionality. For realizing such ambitious goals, the development
of predictive models, starting from first-principle theories, is essential: it is simply
impossible to experimentally test all molecules and their combinations in devices.
So far, models have relied upon transfer theories which include the vibrational and
excited state properties of the molecules in a simplified way. In this thesis, we take
the field of predictive modelling further by including many more of the molecular
details in the transfer theories, enabling predictive modelling of charge and exciton
transfer. Before we fully explain the scope of this thesis we first introduce the various
classes of organic materials (section 1.1) and introduce organic light emitting diodes
(OLEDs) specifically (section 1.2). We then explain the computational modelling
of organic electronics (section 1.3) starting with the fundamental transfer theories
(section 1.4). Then we discuss how these transfer theories are applied in the work
on charge and exciton transport modelling of organic devices (section 1.5 and 1.6).
Finally, we explain the scope of the thesis (section 1.7).
Organic materials are a class of materials mostly made up out of carbon and hydrogen atoms with in some cases a few other atoms like nitrogen, oxygen or sulfur.
The electronic properties that these materials can exhibit are, for example, absorption
and emission of light and conduction of electrons and holes. The organic materials
that show these properties are also called organic semiconductors. The organic conducting materials can be roughly divided into three groups:
(i) Amorphous molecular materials. These consist of small organic molecules
evaporated or spin-coated onto a substrate. They show little to no structural order.
They can be deposited in a layer by layer fashion which is well suited for the fabrication of OLEDs. Therefore, most OLED devices are made from amorphous molecular
materials.
(ii) Molecular crystals. These also consist of small molecules, but have significant
order. The order is imposed by van-der-Waals interactions. The charge mobilities in
these materials are often higher than in the amorphous materials. Therefore, these
materials have potential in the field of Organic Field Effect Transistors (OFETs),
where high charge mobilities are desired.
(iii) Polymers. Polymers consist of a chain of covalently bonded molecular repeat
units. They can be processed from solution, which allows for potentially cheaper
manufacturing methods like spin-coating, ink-jet printing or industrial roll-to-roll
manufacturing. Potential electronic application for these materials are Organic PhotoVoltaic (OPV) devices and Polymer Light Emitting Diodes (PLEDs).

1.2. OLEDs
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In this thesis we focus on the amorphous molecular materials for OLED applications. However, many of the theories and models studied in this work will also be
applicable to molecular crystals and polymer systems.

1.1.1

Applications

In the last few years, organic electronic components have been introduced into smartphones and televisions. Due to the superior contrast ratio and instantaneous response
of organic light emitting diodes (OLEDs), the market for these devices is developing
rapidly. OLED displays can for example be found in the Galaxy smartphone series of
Samsung. OLED-based lighting panels, aimed at the designer market, are produced
by Osram. This is a realization of a promise of more than 60 years. Studies of conductivity and electroluminescence of organic solids were already done in the 1950s
and 1960s [10, 3, 41]. The field has developed holding promise for OFETs, OPV
and OLEDs. This development would be impossible without an understanding of the
basic device physics, starting with charge and exciton transport.

1.2
1.2.1

OLEDs
Working princple

In an OLED, one or multiple organic layers are sandwiched between two electrodes.
The OLED often consists of an electron transport layer (ETL), a hole transport layer
(HTL) and an emissive layer (EML). In general, the HTL and ETL consist of a
single organic material while the EML is a blend of a host material that conducts
the electrons and holes and a guest material that emits the light. The electrons and
holes flow from the ETL/HTL to the EML, where they meet to form excitons. The
excitons are either formed on the emissive material in the EML or are transfered to
the emissive material. This means that the energy levels of the host and guest in
the EML need to be chosen in such way that the excitons are efficiently transfered to
the guest material. More elaborate OLED architectures involving multiple emissive
layers, often with different colors, are also possible. Additionally, often electron,
hole or exciton blocking layers are used to make sure that the carriers are efficiently
confined to the EML, ensuring that they recombine.

4
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Figure 1.1: Schematic depiction of the working principle of a basic OLED. The holes flow
from the HTL to the EML and the electrons from the ETL to the EML. In the EML the
electrons and holes recombine to form excitons, which then radiatively decay to emit light.

1.2.2

Light emission

The electrons and holes that recombine in the EML can form eigher singlet or triplet
excitons. Due to the spin statistics, 3 out of 4 exciton formations will result in a triplet
exciton and 1 out of 4 in a singlet exciton. Unfortunately, the triplet excitons are
non-emissive on most organic emitter molecules because the transition to the ground
state, which has a singlet spin character, is optically forbidden. In the first generation
of OLEDs, this "triplet loss" was taken for granted, which meant that the maximum
quantum efficiency of OLEDs was around 25% [56].
In the second generation of OLEDs, depicted in Fig 1.2, the concept of triplet
harvesting was introduced [6]. OLEDs with phosphorescent emitter molecules were
used, which allowed the triplets to emit light and therefore achieved internal quantum
efficiencies (IQE) of 100 % [1, 28]. The phosphorescent emitters are metal-organic
molecules, which have a heavy metal atom incorporated in the core of the molecule.
The heavy metal atom has strong spin-orbit coupling, which mixes the singlet and
triplet states sufficiently to allow a radiative transition of the excited triplet state
to the singlet ground state. Still, emission is not as fast in these phosphorescent
emitters (∼ µs) as in the fluorescent molecules used in the first generation (∼1 ns).
The long exciton lifetimes poses certain challenges. Due to the strong spin orbit
coupling all 25% singlets generated in the device are rapidly turned into triplets via
Intersystem Crossing (ISC). This means that the device is now filled with triplets
that are relatively long-lived. Within their radiative lifetime they can diffuse through
the device and take part in different quenching processes. The most common of
these processes are triplet polaron quenching (TPQ) and triplet-triplet annihilation
(TTA). These processes reduce the device efficiency at high luminance levels, when the

1.2. OLEDs
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exciton, hole and electron densities in the device becomes large. This effect is called
the roll-off. Additionally, quenching events like TTA and TPQ are also believed to
be involved in the degradation of OLEDs. As the molecules are energetically highly
excited during TTA and TPQ events, the molecular bonds are prone to breaking,
which can lead to non-emissive molecules or even trap sites for carriers. Preventing
roll-off and device degradation due to quenching is one of the major challenges for the
OLED field today. Another challenge regarding phosphorescent emitters is finding
blue phosphorescent molecules that are stable enough for device application. Because
of this, fluorescent molecules are still used for blue emission. In recent years some
potential blue phosphorescent molecules have been discovered [32, 23]. However,
the research into thermally activated delayed fluorescence, a concept which will be
discussed next, has reduced the significance of those discoveries.

Figure 1.2: In this figure, the three generations of OLED emitters are depicted. In the first
generation, fluorescent emitters were used. In the second generation, phosphorescent emitters
were introduced in order to use the triplets generated in the device to emit light, a process
called triplet harvesting. In the third generation, thermally activated delayed fluorescence is
used. In this process, triplets are promoted to singlets, which can radiatively decay.

In the last few years in OLED research, there is an increased interest in thermally
activated delayed fluorescence (TADF). The principle of TADF is depicted in Fig. 1.2.
TADF OLEDs are sometimes also called the third generation of OLEDs, and provide
a different way of triplet harvesting. The idea of TADF is to engineer the emitter
molecule in such a way that the energy difference between the singlet and triplet
excited states becomes very small. This is usually done by using a molecule that has
donor-acceptor structure, which means that the excited states have a charge transfer
(CT) character. A CT excitation has almost degenerate spin states because of the
small overlap of the electron and hole wavefunction. In the TADF process, the triplet
can become a singlet due to the near degeneracy of the two states. This process is
called Reverse InterSystem Crossing (RISC). Thermal activation is able to promote

6
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a triplet to a singlet, after which the singlet can emit radiatively. In such devices
100% IQE is possible [57, 27, 31]. A common disadvantage of the TADF donoracceptor type molecules is that their emission spectrum is rather broad. This is tied
to the CT character of the excited state. A CT state is often strongly polarized
and its energy is therefore strongly influenced by its local environment. This leads a
broadened spectrum. One of the ways to narrow the spectral width in TADF devices
is to decouple the functions of the TADF emitter. First, the triplets in the device are
promoted to singlets using a TADF sensitizer. This can be a regular TADF molecule
with a broad emission spectrum. Consecutively, the singlets are transfered to a regular
fluorescent emitter from which the emission of light takes place. Such strategies for
narrowing the spectra of TADF OLEDs have been successfully demonstrated [19, 2].
The above examples of the complex device physics of phosphorescent and TADF
type OLEDs illustrate quite well both the difficulties but also the potential of working
with organic materials. Smart molecular and device design strategies can boost the
device performance and lead to the use of more processable, cheaper and environmentally friendly materials. However, in every step of the development the combination
of molecular materials needs to be tested and devices have to be optimized. It is
therefore very desirable to employ an in silico design strategy to this problem. This
means that we use reliable computer models to test the new molecules and device designs in order to better understand what works and how it works. In the next section
we will discuss the nature of transport in organic semiconductors and arrive at the
multi-scale modelling strategy that is used to approach the simulation of devices.

1.3
1.3.1

Computational modelling of OLEDs
Hopping transport

The localization of charge carriers in disordered organic semiconductors leads to transport via hopping. Hopping transport was first introduced in impurity conduction in
inorganic solids by Conwell and Mott [36, 47] in 1956. They found that in these systems the conductivity increases with temperature, which is opposite to the behavior
found in regular (semi)-conductors. This led to the realization that charge transport
can be described by a series discrete hops that are thermally activated. The same
behavior is found in molecular semiconductors. In 1959, Holstein developed a model
for charge transport in molecular crystals based on the localization of charges on
molecular sites [25]. On a molecule the electron is localized in the lowest unoccupied
molecular orbital (LUMO) and will hop to the LUMO of an adjacent molecule. The
hole is localized in the highest occupied molecular orbital (HOMO) and will hop to
the HOMO of an adjacent molecule. The HOMO and LUMO energies vary from
one molecule to the next. Often these variations originate from many uncorrelated
sources. Using the central limit theorem the energies can then be well described by a
Gaussian distribution (see Fig. 1.3) also called a Gaussian Density Of States (DOS).

1.3. Computational modelling of OLEDs
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Figure 1.3: Schematic depiction of a Gaussian density of states in disordered organic
semiconductors. The electrons occupy the LUMO energy levels of the molecules, while the
holes occupy the HOMO levels.

The thermally activated nature of transport has also been observed for excitons
[43]. The exciton levels in organic semiconductors are, similar to the HOMO and
LUMO levels, energetically disordered. The strength of the energetic disorder for
exciton levels is often smaller. This is because the exciton is neutral, and therefore
less influenced by the polarization of the local environment.

1.3.2

Computational modelling

The fact that transport in disordered organic semiconductor occurs via hopping can
be exploited in computational modelling. The rate of hopping can be calculated
using a model that includes the molecular details to describe the transfer of a carrier
on a molecular scale. This rate can then be used as input in a model with less
molecular details to describe the transport on larger length and time scales. Such a
modelling approach is commonly referred to as multi-scale modelling. The approach
starts by calculating the molecular properties using first-principles techniques. The
next step is to use a method to simulate a microscopic morphology material consisting
of molecules. Such methods often neglect some of the quantum mechanical nature of
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the problem. From this morphology, the spatial, orientational and energetic disorder
of the materials is extracted. This disorder is then upscaled using stochastic methods
and a complete morphology on the device scale is generated with unique positions,
energies and orientations for all the molecules. The molecules are then no longer
represented in their full detail, but they are merely point sites in a 3 dimensional
space. Then, the charge or exciton transfer rates between the sites are calculated.
Using these rates we can simulate the transport process using stochastic simulation
techniques like Kinetic Monte Carlo (KMC) or by setting up a system of equations for
all the transfer rates, called the Master Equation (ME), and solving this numerically.
and the transport equation can be solved to yield the macroscopic mobility or
diffusivity. The length scales in the multi-scale approach are depicted in figure 1.4.

100 nm

10 nm

1 nm
Figure 1.4: Schematic representation of the different length scales treated by the multiscale modelling approach. The device scale is on the order of 100 nm, while the simulated
microscopic morphologies have lateral dimensions of roughly 10 nm. Finally, the molecular
size is on the order of 1 nm.

The multi-scale modelling approach for charge and exciton transport relies on the
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fact that the macroscopic transport phenomena arise from a series of transfer events.
Once we physically describe the transfer events between the molecular sites, all the
remaining physics comes from the stochastic simulation methods like the KMC and
ME. This is only possible because the electronic coupling between molecular sites is
weak with respect to the energetic disorder and the electron-vibrational coupling. In
the next section we will introduce the transfer theories which lie at the foundation of
setting up the transport models in this work.

1.4

Theory of charge and exciton transfer

The general picture of hopping transport in organic semiconductors is that carriers are
transported through a molecular material by hopping from one molecule or molecular
site to the next. Within this view the fundamental time step in the transport process
is the carrier transfer from one site to the next. Quantum-mechanically, the rate for
a transfer process between two states is described by Fermi’s Golden Rule (FGR)
k=

2π X
2
pi |hψi | H 0 |ψf i| δ(∆E).
~

(1.1)

i,f

In Fermi’s Golden Rule, the molecular sites are weakly coupled by a perturbation term
in the Hamiltonian |hψi | H 0 |ψf i|. The δ-function with ∆E = Ef −Ei ensures energetic
resonance between the initial (Ei ) and final (Ef ) states. The sum in Eq. 1.1 then runs
over all the initial i and final f states where the initial states are weighted by their
occupational probabilities pi . In molecular systems we can use the Born-Oppenheimer
approximation to separate the electronic and nuclear parts of the wavefunction
ψ = φ(r)χ(R).

(1.2)

We now express the motion of the nuclei along the normal mode coordinates which
describe the intramolecular vibrations also called vibrons. Assuming that the transfer
involves only one initial electronic state φi and one final electronic state φf we can
rewrite Eq. 1.1 as
2π 2
J ρFC (∆E).
(1.3)
k=
~
Here
J = |hφi | H 0 |φf i|,
(1.4)
is called the transfer integral and
ρFC =

X
i,f

2

pi |hχi |χf i| δ(∆E),

(1.5)
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is called the Franck-Condon Weighted Density of states (FCWD). The FCWD sums
over the transitions from any of the Boltzmann weighted (pi ) initial vibron states
(χi ) to any of the final vibron states (χf ) weighted by the squared Franck-Condon
factors, which are the overlap integrals of the vibron wavefunctions. The FranckCondon weighted density of states should not be confused with the Gaussian density
of states introduced before for the molecular materials. The latter is determined by the
variation in energy between the molecules, while the FCWD is a purely intramolecular
density of states. The exact expression for the FCWD will be developed in the next
chapter. In the next subsections we will discuss the different approximations to the
transfer integral and the FCWD.

1.4.1

Marcus theory

l
Fina

Initi
al

In the high temperature limit, when the quantized nature of the intramolecular vibrations dissapears, the FCWD is well approximated by the semi-classical Marcus
theory [37]. Marcus showed that if the molecular vibrations are treated classically the
transfer can be described by a harmonic potential crossing. This crossing is depicted
by the red arrow in Fig. 1.5.

Figure 1.5: Schematic representation of Marcus transfer theory, with λ the reorganization
energy and ∆E the energy difference between the initial and final state.

Here, the energy required to cross from the initial state to the final state is given
2
. The λ term is called the reorganization energy and is induced by
by EA = (∆E+λ)
4λ
the displacement of the initial and final state harmonic potentials. This displacement
is due to the coupling of the charge to the molecular vibrations. From the activation
energy EA the FCWD then becomes


1
(∆E + λ)2
ρMarcus = √
exp −
.
(1.6)
4λkB T
4πλkB T
Though the theory was initially developed for charge transfer it can also be applied to
exciton transfer, by simply using the coupling of the vibrations to the exciton instead
of the charge [12].
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As can be seen from Eq. 1.6, if the reorganization energy reaches the value
λ = −∆E, the Marcus rate reaches a maximum. When ∆E decreases further the
rate enters the inverted region where it decreases again. The inverted region was
an important element of Marcus theory, which explained the experimentally found
decrease of the transfer rate at large excess transfer energy [45].

1.4.2

Miller-Abrahams theory

In 1960 Allen Miller and Elihu Abrahams formulated an expression for impurity hopping in an n-type semiconductor [44]. In their work they assume a constant density
of final states for the transfer. This leads to a rate that is constant when ∆E < 0
and is weighted by a Boltzmann factor for ∆E > 0 leading to the expression


|∆E|
∆E
−
.
(1.7)
ρMA = ν0 exp −
2kB T
2kB T
The theory involves a prefactor, called the hopping attempt frequency (ν0 ), which is
often fit to reproduce experiments. The theory is only physically correct for molecular
systems if the transfer at ∆E 6= 0 is activated by the absorption or emission of a single
vibration on the molecule [15]. The theory should be interpreted as semi-emperical
because the activation realistically never occurs by just one vibration. With the fitted
prefactor, the theory often performs well in describing the temperature dependence of
charge and exciton transport and the field dependence of charge transport. In Chapter 3 we will show that the Miller-Abrahams theory sometimes gives more satisfying
results for molecular systems than the Marcus theory.

1.4.3

Marcus-Levich-Jortner theory

A first quantum mechanical model for the coupling of molecular vibrations to electron transfer that goes beyond the semi-classical Marcus model has been developed
by Marcus, Levich, Jortner and Bixon [38, 26, 11]. In this model, the Franck-Condon
factors are used to derive an expression for the ρFC based on a single quantum mechanical mode and an additional reorganization energy induced by the environment
of the molecules. The expression that in literature is commonly known as the MarcusLevich-Jortner (MLJ) expression is
ρMLJ



λqm X
1
=√
exp −
~ω
4πλcl kB T
n

λqm n
~ω

n!



(∆E + λcl + n~ω)2
exp −
.
4λcl kB T

(1.8)

Here, the reorganization energy is separated into a quantum mechanical (intramolecular) λqm and a classical (external) λcl part as depicted in Fig. 1.6. The coupling of
the quantum mechanical reorganization energy is then described by a single harmonic
quantum oscillator with frequency ω.
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Figure 1.6: Schematic representation of MLJ transfer theory. With λqm the quantum
mechanical reorganization energy, ~ω the vibration energy of the quantum mechanical mode,
and λcl the classical reorganization energy.

In the theory it is assumed that the quantum mechanical mode in the initial state
is not vibrationally excited. For the vibrational energies of the quantum-mechanical
mode this is usually a good assumption since ~ω  kB T . However, due to the neglect
of thermal occupation of the vibrational mode the theory technically does not obey
detailed balance. It was noted in the original paper that this form of the theory is only
applicable to the low temperature regime [26]. However, in literature it is commonly
applied to all temperatures [17, 54, 13, 61].

1.4.4

Franck-Condon weighted density of states

In this thesis we have developed the full Franck-Condon weighted density of states
[52, 12]. This model extends on the Marcus-Levich-Jortner model in two ways. First,
it includes all the vibrons (molecular vibrations) quantum mechanically instead of
just one effective mode. Second, it takes into account the thermal occupation of the
quantum mechanical modes, whereas in the MLJ theory the initial vibron mode is
always unnocupied. In Chapter 2 we will introduce the expression for this rate as a
function of ∆E and the molecular vibron mode energies (~ωi ) and vibron couplings
(λi ).

1.4.5

Charge transfer integrals

While we discussed the Marcus, Miller-Abrahams and Jortner approximations for the
FCWD we did not discuss the perturbation term J in Eq. (1.3), which allows the carrier transfer to occur. Early theories of electron and hole transfer have usually taken
this term to be proportional to the wavefunction overlap. Since the wavefunction falls
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off exponentially, the transfer integral is often chosen to be


2R
2
J ∝ exp −
.
L

(1.9)

Where L is the wavefunction decay length [16].
In the last 20 years, the feasability of performing ab-initio calculations for organic
molecules has led to the introduction of multiple methods to calculate the transfer integrals for electrons and holes in organic semiconductors [58, 33, 8]. Most of
these methods are based on a two-state description of a molecular dimer where both
monomer electron states (LUMO) or hole states (HOMO) are weakly coupled. In a
symmetric dimer system the splitting of the HOMO or LUMO energies in the dimer
state can be used to find the transfer integral. The reasoning for this goes as follows.
If the HOMO or LUMO energies of the monomers are given by EM and the transfer
2
then the Hamiltonian for the dimer system can be
integral is given by J 2 = JDA
written as


EM JDA
H=
.
(1.10)
JDA EM
The diagonalization of the Hamiltonian leads to
E1,2 = EM ± |JDA |.

(1.11)

So the transfer integral is found by
2|JDA | = E2 − E1 .

(1.12)

Where E1,2 are the energies of the molecular dimer, which are split from the single
molecule levels EM . The dimer energies can be found from an ab-initio calculation
for the molecular dimer system. In the Chapter 2 we will show how to extend this
simple model to systems that are not symmetric.

1.4.6

Förster transfer

The phenomenon of excitation transfer in fluorescent molecules was already described
in 1948 by Theodor Förster [55]. Förster described the excitation transfer within first
order perturbation theory, where the transfer integral is described by the transition
dipole coupling of the donor and acceptor molecules [51]
2
JFörster
∝

µ2D µ2A
.
R6

(1.13)

In Förster theory, the squared transition dipole moment of the donor (µ2D ) is obtained
from the donor lifetime τD . The squared transition dipole moment of the acceptor
(µ2A ) is obtained from the donor-acceptor spectral overlap, which then also contains
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the FCWD. The donor-acceptor spectral overlap is included in one parameter called
the Förster radius (R0 ), which then yields the Förster transfer rate
kFörster =

1
τD



R0
R

6
.

(1.14)

It is important to note that for Förster transfer to occur, the transition from the
excited state to the ground state has to be allowed. This means that in fluorescent
molecules the Förster transfer of triplets is forbidden. In phosphorescent molecules
Förster transfer is allowed because of the strong spin-orbit coupling, which allows the
transition from the triplet excited state to the singlet ground state. In Chapter 2 we
will show how to derive the Förster rate from Fermi’s Golden Rule Eq. (1.1).

1.4.7

Dexter transfer

In 1953 Dexter developed a more general theory for excitation transfer in inorganic
solids [16]. He describes the dipole-dipole interactions (earlier described by Förster),
dipole-quadrupole interactions and the exchange interaction. From those three factors
the last one, the exchange interaction, is commonly refered to as the Dexter interaction
in literature [51]. In his work, Dexter mentiones that the interaction is exponentially
dependent on the wavefunction overlap and therefore


2R
2
JDexter ∝ exp −
.
(1.15)
L
Where L is the wavefunction decay length. We note that this formula is equivalent to
the approximation for the charge transfer integrals in Eq. (1.9). In Chapter 2 we will
discuss how to calculate the Dexter exchange interaction from ab-initio calculations.

1.4.8

Fermi’s Golden Rule

In this section we have seen that the historically developed theories for charge and
exciton transfer can all be linked to certain approximations of the transfer integral and
FCWD in Fermi’s Golden Rule Eq. 1.3. This general trend is schematically depicted
in Fig. 1.7.
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Figure 1.7: Schematic which links the different charge and exciton transfer theories to the
transfer integral and density of states in Fermi’s Golden Rule.

From this scheme it is clear that for example the Marcus theory for charge transfer
might just as well be applied to exciton transfer, as long as the reorganization energy
of the exciton is used instead of the charge reorganization energy.
The next section will introduce the transport simulation tools that use the previously discussed transfer theories to simulate charge and exciton transport in OLED
materials.

1.5

Modelling transport in organic semiconductors

Now that we have introduced the different charge and exciton transfer theories we
will discuss how to simulate the transport on the scale of the device. After that,
we will give an overview of what a complete simulation, starting from the ab-initio
calculations, looks like.

1.5.1

Modelling charge transport

In 1993 Bässler performed the first 3D simulations of charge transport in organic
semiconductors [7]. Bässler used Kinetic Monte Carlo (KMC) to describe hopping of
a single carrier on a cubic lattice. The hopping rates between the different sites were
calculated by Miller-Abrahams theory, where the energies of the lattice sites were
drawn from a Gaussian distribution. This has led to the development of the Gaussian
Disorder Model (GDM). From this work, the field and temperature dependence of the
charge-carrier mobility in the zero-carrier-concentration limit was obtained.
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The carrier concentration dependence of the mobility was later studied by Yu et
al. [62], using 3D Master Equation (ME) simulation by . The 3D-ME simulation is
more efficient at high carrier concentrations than KMC because it does not simulate
the individual carriers explicitely but rather simulates their occupation probabilities.
In the past years both the Master Equation and Kinetic Monte Carlo methods have
been extensively developed to study transport in organic semiconductors. The simulations are including an increasing amount of molecular detail, approaching charge
mobility prediction from molecular structure. In recent years, off-lattice transport
simulations have been performed by simulating the actual morphologies of the molecular materials. Such morphologies are generated by either molecular dynamics simulations [50, 9, 40, 4] or even more elaborate methods simulating the deposition process
of molecular films [48]. In simulations with realistic morphologies the transfer integrals between the molecular pairs are often calculated explicitely [8, 50, 4, 18] instead
of using the wavefunction decay length from Eq. (1.9). In this way, the calculated
transfer integrals include the orientational disorder in the molecular film and the
detailed shape of the molecular wavefunction. Other improvements to the transport
simulations include the application of Marcus theory with reorganization energies calculated from ab-initio methods [8, 50, 4, 18], and energetic disorder calculated from
either atomistic polarizability models [50, 40, 4] or ab-initio models [18]. There are
now succesfull demonstrations of models that combine the molecular properties (energy levels, reorganization energies and transfer integrals) and the different types of
disorder (energetic, spatial and orientational) to predict charge carrier mobilities that
match experimental values [34, 39, 18, 30].

1.5.2

Modelling exciton transport

Exciton transport in organic semiconductors has been studied in the 1980s by Gochanour
[20], Godzik and Jortner [21] using Master Equation methods. One of the first uses
of Kinetic Monte Carlo was by Schönherr [53]. More recently, models for equilibrium and non-equilibrium hopping of excitons have been developed by Athanasopoulos [5]. In that work, the exciton transfer integrals were already calculated using
quantum-chemical calculations. The differences between the Miller-Abrahams and
Marcus theory for exciton diffusion were studied by Hoffmann et al. [24], who found
a significantly different temperature dependence of the diffusion for both theories.
Many of the exciton transport studies are focused on polymer systems or molecular
crystals. Models for exciton transport in OLEDs are often analytical or do not include the important molecular details that are present in the state of the art charge
transport models discussed in the last subsection.
In this section we have introduced charge and exciton transport models. Generalizing, we can see that a successful predictive model can be built starting from
ab-initio calculations introducing the molecular properties into the transfer equations
and evolving the transfer equations for energetic, spatial and orientational disorder.
The general outline of this framework is depicted in Fig. 1.8. In this framework the
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microscopic parameters represent the molecular and disorder information that enter the Master Equation or Kinetic Monte Carlo model. The translation from the
microscopic to the mesoscopic scale is made by the transfer theory.

1.6

OLED device models

The transport models introduced in the last section can be adapted to simulate not
only transfer events, but also exciton generation, radiative and non-radiative decay
and even more complicated processes like TTA and TPQ. Simulations including these
processes have already been demonstrated using Kinetic Monte Carlo [42, 59, 14, 60]
and Master Equation methods [35, 63]. Within the framework of Kinetic Monte
Carlo, the incorporation of additional processes is rather straightforward. In principle,
the only information needed are the rates for the different processes that can occur
in the device. First-principles calculations of radiative and non-radiative rates for
molecules relevant to OLED applications have already been reported [46, 22, 49]. To
our knowledge, such rate calculations have not yet been performed for the TTA and
TPQ processes. In the outlook in Chapter 6 we will present ideas on calculating rates
for these processes.

1.7

Scope of this thesis

In this chapter we have discussed the importance of device transport simulations for
OLED research and development. We outlined the multi-scale modelling approach,
the charge and exciton transfer theories and transport simulation work that has been
performed in the last years. Figure 1.8 schematically depicts the multi-scale modelling
approach.
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Figure 1.8: Scheme of the multi-scale modelling. Molecular calculations serve as input for
microscopic disorder calculations, which then serves as input for the transfer theories. The
transport in the system is modelled using the transfer theories with, for example, Kinetic
Monte Carlo or a Master Equation solver. The dashed boxes indicate that we do not focus
on the development of those steps in the multi-scale modelling process. The transfer theory
is highlighted because that is the main focus of this thesis.

This schematic represents the workflow that is often followed in multi-scale modelling for transport in organic semiconductors [34, 39, 29, 18, 30]. The methods start
with the calculations on the molecular scale, either single molecule or dimer calculations. Then, the disorder is introduced in a classical or semi-classical way. The
force field parametrization of the classical simulations are derived from the molecular calculations. This will yield a distribution of the molecular energies, orientations
and positions. These distributions are then often approximated stochastically. The
stochastic models are used to generate a transport network on the device scale. Such a
network consists of connected molecular sites. For this network, all the transfer rates
between the molecules are calculated and the transport is simulated. This underlines
the critical role that the transfer theory plays in the charge and exciton transport.
Even if we can calculate all the molecular parameters and their disorder correctly, the
dynamics/outcome of the simulation will still be determined by the transfer theories.
In literature there is much focus on the development of disorder calculations which
correctly include the quantum mechanics. However, the vibronic coupling in the transfer is often treated classically with Marcus theory [8, 50, 4, 18]. The use of the Marcus
theory for charge transport in organic semiconductors will be evaluated in Chapter 3
of this thesis. We will use a FGR rate that includes all the detailed molecular vibrations to calculate charge mobilities in common OLED materials. We compare the
results to the application of the Miller-Abrahams and semi-classical Marcus rates.
We find that the charge mobilities of the full FGR rate differ from the Marcus theory results especially at low temperatures, where the classical approximation breaks
down.
A multi-scale modelling approach for exciton transport has not been demonstrated
up to now. In Chapter 4 we will develop such a mode. Using the same principles
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from the charge transport multi-scale approach, we develop a model for triplet exciton diffusion in phosphorescent emitters commonly used in OLEDs. For the exciton
transfer we also use the full FGR rate and compare it to the Marcus rate. We find
that Marcus theory dramatically underestimates the transfer rate for triplet excitons
in these systems. Additionally, we look at the contribution of the short-range Dexter and long-range Förster contribution to the triplet transfer for realistic host-guest
systems. We find that for guest concentrations often used in OLEDs the Förster
contribution solely dominates the transfer rate.
Chapter 5 focuses on exothermic energy transfer, for example the transfer of an
exciton from a green donor emitter to a red acceptor emitter. Such transfers play
an important role in the development of White OLEDs (WOLEDs). We investigate
the energy transfer between 14 different phosphorescent emitters ranging in emission
color from the near infrared to the deep blue. We apply a Förster theory type transfer
integral combined with the full vibrational coupling to the triplet exciton transfer. We
find that for transfers with large excess energy, multiple excited states of the acceptor
molecule have to be included in calculating the transfer. This leads to a general
framework for calculating Förster transfer from first-principles between different donor
and acceptor emitters.
The multi-scale methods employed in this thesis are introduced in Chapter 2.
The focus in this chapter is on the development of the FGR rate. However, we will also
briefly discuss first-principles methods, the calculation of the transfer integrals and
vibronic couplings, the calculation of the energetic, spatial and orientational disorder,
and finally, the transport simulations used in this thesis.
We end the thesis with an outlook in Chapter 6, were we show how the FGR
expression might be important to describe the host to guest charge transfer which
plays a role in the formation of excitons in the OLED emissive layer. We also propose
methods to calculate the triplet-polaron quenching rate.
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Chapter 2

Computational methods
In this chapter we discuss the different computational methods used in the rest of
the thesis. We start from the molecular scale, by discussing the methods required to
calculate the two factors in the FGR expression. These will include calculations of
energies, molecular geometries, and the electronic energy Hessians and gradients using
Density Functional Theory (DFT). We briefly discuss the calculation of the charge
transfer integrals and the exciton transfer integrals following from Dexter and Förster
theory. Then, we explain the calculation of the vibronic couplings and how they are
used to calculate the Franck-Condon-weighted density of states. After this, we show
how to upscale the molecular and microscopic calculations to the device scale. We
introduce energetic, spatial and orientational disorder into a mescopic system at the
device scale of around 10 6 molecules. Finally, we discuss the methods used to calculate
the steady state and transient transport properties for both charges and excitons in a
mesoscopic system.
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Introduction

In this chapter we discuss the methods required to calculate charge and exciton transport properties. We start with the transfer rate between two molecules which is given
by Fermi’s Golden Rule
2π 2
k=
J ρFC (∆E).
(2.1)
~
Both the transfer integrals J and the Franck-Condon weighted density of states ρFC
in this equation will be calculated using Density Functional Theory (DFT) for charges
and Time Dependent DFT (TD-DFT) for excitons. We will show how the transfer
integrals for charges can be calculated from the HOMO and LUMO orbitals of the
donor and acceptor molecules. The transfer integrals for excitons can be calculated
from the excited state transition dipole moments within the Förster theory and from
the triplet state orbitals within the Dexter theory.
In order to calculate ρFC , we need to obtain the vibronic couplings of the donor
and acceptor molecules. For the electron and hole transfer the vibronic couplings are
calculated using Density Functional Theory (DFT) within the spin-restricted framework in order to treat the cationic and anionic species of the molecules associated
with the presence of an electron or hole, respectively, on the molecule. For the exciton transport we employ TD-DFT to find the vibronic coupling of the donor and
acceptor excited states.
In the next step we find device transport properties like charge carrier mobilities
and exciton diffusion lengths by taking the calculated transfer rates and applying
those to a large system of molecules (≈ 106 ) where we introduce energetic, spatial and
orientational disorder. We find the charge carrier mobilities of such systems by solving
the Pauli Master Equation (ME), where we calculate the occupational probabilities of
the carriers on the molecular sites. The exciton diffusion lengths are calculated using
kinetic Monte Carlo (kMC), where we release excitons into the system one by one
and follow their diffusion paths. We will discuss the advantages and disadvantages of
both methods.

2.2

First-principles methods

In this work we use DFT as a tool to calculate the different molecular properties
like LUMO, HOMO and triplet state energy levels, molecular geometries, transfer
integrals, electronic energy Hessians and gradients . Though we do not develop a
DFT code in this work we want to briefly introduce DFT.
The DFT method efficiently solves the time independent Schrödinger equation,
yielding the molecular wave function. The molecular wave function is constructed
from a set of atomic wave functions called the basis set, which is specified by the user.
In DFT, the complex electron interactions leading to the exchange and correlation
terms are included within the functional, which is parameterized. The TD-DFT
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method allows for computation of excited states. In this work most of the DFT
calculations are performed using the turbomole package [1]. The TD-DFT excited
state calculations have all been performed using the ORCA package [9]. Within the
ORCA package the spin-orbit coupling can be introduced into the TD-DFT method,
so that the excited states are linear combinations of singlet and triplet excited states.
This is important for the phosphorescent molecules studied in Chapters 4 and 5.

2.2.1

Transfer integrals

1) Charge transfer integrals
The transfer integrals for charge transfer can be calculated from the HOMO and
LUMO wavefunctions of the donor and acceptor molecules. Using the method proposed by Valeev et al. [14] we can write the secular equation of the two state dimer
system as

 

 
ED JDA
CD
1
SDA
CD
=E
,
(2.2)
JDA EA
CA
SDA
1
CA
where
ED/A = φD/A HKS φD/A , JDA = hφD | HKS |φA i and SDA = hφD |φA i . (2.3)
Here, φD and φA are the HOMO and LUMO orbitals of the donor and acceptor
monomer, and HKS is the DFT Kohn-Sham operator of the dimer system. One might
think that we can now simply take JDA as the transfer integral. However, this is
the matrix element for the non-orthogonalized monomer orbitals φD and φA . The
orthogonalized matrix elements can be obtained from the Löwdin orthogonalization
procedure by
JDA − 12 (ED + EA )SDA
eff
.
(2.4)
JDA
=
2
1 − SDA
eff
The magnitude of the effective transfer integrals (JDA
) is very dependent on the
respective orientation and distance of the donor and acceptor monomers. This can be
intuitively understood because the transfer integral is proportional to the wave function overlaps which have an exponential dependence on the donor acceptor distance
[4]. It is therefore important to obtain the transfer integrals for a large set of donor
acceptor pairs with a realistic distribution of orientations and distances. Later in this
chapter we will discuss how to accurately scale the distribution of transfer integrals
to mesoscopic systems at the device scale (106 molecules).

2) Exciton transfer integrals
Transfer integrals for excitons are more complicated to calculate because they consist
of both long-range Coulomb contributions [12] and short-range exchange contributions
[6]. The long-range contribution is often treated in the dipole-dipole approximation by
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Förster theory, where the squared transfer integral has an R−6 distance dependence.
The transfer integral within Förster theory is given by
JDA,Förster =

1 κµD µA
,
4π0 r R3

(2.5)

where µD and µA are the donor and acceptor transition dipole moments, and r is the
relative dielectric constant, which we choose to be r = 3 in this thesis. The κ factor
is related to the respective orientations of the dipoles and is given by [12]
~ µA · R).
~
κ=µ
~D · µ
~ A − 3(~
µD · R)(~

(2.6)

For a system of molecules with random orientations the average value of κ2 is 0.67.
The only remaining parameters required for the calculation of the transfer integrals
as a function of the donor-acceptor distance are the transition dipole moments. In
this work these are calculated using TD-DFT.
The short-range Dexter contribution is taken to be equal to the direct exchange
integral between the excited donor (D∗ A) and the excited acceptor (DA∗ ) states [6].
We approximate this exchange integral by the overlap integral between the HOMO
to HOMO and LUMO to LUMO transition densities [13]
JDA,Dexter

=

LUMO
ΨHOMO
overlap H Ψoverlap
X
ΨHOMO
n ΨHOMO
n hn| H |mi m ΨLUMO
D
D
A

(2.7)
m

ΨLUMO
A

n,m

) are the HOMO (LUMO) orbitals of
(ΨLUMO
) and ΨHOMO
(ΨLUMO
Here, ΨHOMO
A
A
D
D
the donor and acceptor. The indices n and m represent the excited states calculated
with TD-DFT.
Previous studies have shown that contributions of intermediate charge transfer
(CT) states of the type D+ A− or D− A+ can strongly enhance the transfer integral
for Dexter coupling [16]. We add the contribution of intermediate CT states to the
total transfer integral for Dexter coupling as described in Ref. [16]:
JDA,Dexter = JDA,exchange,d


1 X
1
1
+
JD,CT JCT,A
−
,
D
A
2
ECT − ET
ECT − ET
CT states

(2.8)

where the coupling integrals to the CT states are given by JD,CT and JCT,A , and
D
A
the energies of the donor and acceptor triplet and CT states by ET
, ET
and ECT ,
respectively.
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3) Transfer integrals for multiple acceptor states
In Chapter 5 we will study exothermic exciton transfer. In such transfer the first
excited state of the donor can be close to resonance with energetically higher excited
states of the acceptor. In the introduction the assumption was made that the transfer
integral only involves the coupling between one initial and one final electronic state.
In the case of exothermic transfer this assumption is not valid anymore. The initial
electronic state now couples to several final electronic states. Summing over all the
electronically excited states, each having its own Franck-Condon-Weighted Density of
stated (FCWD), yields the following rate
kDA =

X

p Di

i,j

X
2π 2
Jij ρFC,ij (∆Eij ) =
pDi kDi Aj .
~
i,j

(2.9)

Here, the summation runs over all donor excited states i and acceptor excited states
j. The donor excited states are occupied with a probability pDi . For most of the
fluorescent molecules used in OLEDs, the first excited states will be well separated
from the higher excited states with energy differences far exceeding kB T , which means
that the sum can be restricted to the terms where i = 1. In the phosphorescent
molecules studied in Chapter 5, the triplet states are split by the spin-orbit coupling
with a splitting on the order of kB T . Therefore, we have to consider the first triplet
manifold (i = 1, 2, 3) in the summation of Eq. 2.9 for these molecules. Notice that in
Eq. 2.9 we have already separated the electronic and nuclear contributions similar to
what was done in the Chapter 1. Each pair of electronic states then obtains its own
FCWD ρFC,ij and its own energy difference ∆Eij .

2.2.2

Reorganization energy and vibronic couplings

1) Reorganization energy
In Marcus theory the vibronic activation of the transfer is described with a single
molecular parameter called the reorganization energy (λ). A depiction of the classical
harmonic approximation of the transfer is shown in Fig. 2.1. In this figure, the donor
molecule that is charged (or excited) has a potential energy surface that is displaced
with respect to the energy surface of the ground state. In a similar way, the potential
energy surfaces of the acceptor ground and charged state are displaced with respect
to each other. The displacement causes energy to be lost into vibrational modes of
the system in every transfer process. This can be seen by the difference in length of
the vertical arrows in the figure. The reorganization energy may be calculated from
the potential energy surfaces using the four point procedure [10]. In the four point
procedure we use DFT to calculate the energies at the four points indicated in the
figure. The first point in the procedure is the relaxed ground state energy, the second
point is the charged state energy in the ground state molecular geometry, the third
point is the relaxed charged state energy, and the fourth point is the ground state
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energy in the charged state geometry. The reorganization energy is then given by
λ = (E2 − E3 ) + (E4 − E1 ).

Figure 2.1: Schematic depiction of the donor and acceptor potential energy surfaces in the
ground and charged/excited states. The reorganization energy associated with the Marcus
transfer rate is the sum of the donor and acceptor relaxation as indicated by the arrow from
point 4 to point 1 and point 2 to point 3.

2) Vibronic couplings
The vibronic couplings required for the calculation of the density of states are in this
thesis obtained using the displaced harmonic oscillator model. This model assumes
that the vibron energies and normal modes are the same for the neutral and charged
or excited molecule. As a first step the Hessian matrix in mass-weighted coordinates
(H) is calculated and subsequently diagonalized to obtain the normal modes (Q) and
normal mode energies ωi of the molecule. Within the displaced harmonic oscillator
model the normal mode coordinates of the final electronic state (Q̄) are shifted by a
displacement vector (K) with respect to the initial state coordinates
Q̄ = Q − K.

(2.10)

We can find the displacement vector from the diagonalized Hessian and the gradient
of the final electronic state in the initial state geometry in mass-weighted coordinates
(ḡ) by taking a Newton’s method step
K = −H−1 ḡ.

(2.11)
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The displacement vector is used to obtain the vibronic couplings (λi )
λi =

1 2 2
K ω ,
2 i i

(2.12)

with λi the vibronic coupling of the ith normal mode. The definition of initial state
and final state is dependent on whether the molecule is the donor or acceptor in the
transfer process. In this work the Hessian, gradient and geometries of the molecules
are calculated using (TD-)DFT methods.
The magnitude of the vibronic couplings and vibron energies will be dependent on
the unique molecular environment of the molecule in its morphology. This is why, for
charges, we have developed a method to calculate the vibron energies and vibronic
coupling of molecules embedded in the morphological environment. The details of the
method and the results will be discussed in Chapter 3.

2.3

Calculation of the transfer rate

The transfer integral in the Fermi’s Golden Rule transfer rate Eq. (2.1) is calculated
as described in the last section. We now turn to the density of states ρFC (∆E). If
we include all the intramolecular vibrations, also called vibrons, the Franck-Condonweighted density of states becomes
YX
X
YX
X
2
2
ρFC (∆E) =
pni
χiD χfD i ×
pmj
χiA χfA j (2.13)
ni

∆ni

× δ(∆E +

X

i

i

j

∆ni ~ωi +

X

mj

∆mj

∆mj ~ωj ).

j

This density of states is a sum over all the possible vibron occupations (ni ,mj ) and
all possible vibron exchanges (∆ni , ∆mj ) of the vibron modes (i,j) belonging to the
donor (i) and acceptor (j) molecule. The δ-function finally selects out only those terms
that are in resonance with the actual energy difference (∆E) between the donor and
acceptor energy levels. The harmonic oscillator wavefunctions are given by χiD , χfD ,
χiA and χfA for the initial (i) and final (f) state of the donor (D) and acceptor (A).
For a harmonic potential, the occupational probabilities (pni ) are
pni = (1 − zi )zini , zi = e−~ωi /kB T .

(2.14)

The nuclear wavefunction overlaps are a function of the vibron occupation of the mode
(ni ), the amount of vibrons exchanged (∆ni ) and the dimensionless vibronic coupling
λi
~ωi , which is a measure of the initial to final state displacement of the harmonic
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oscillator wavefunctions
i

χ χ

2

f

i



∆ni


2
λi
λi
ni !
λi
∆ni
= exp −
L
.
~ωi
~ωi
(ni + ∆ni )! ni
~ωi

(2.15)

i
Here L∆n
is the Laguerre polynomial. Using the following relation
ni

X n![L∆n (x)]2 z n
n

(n + ∆n)!

n

x−∆n z −
=
1−z

∆n
2

e

z
−2x 1−z


I∆n

√


z
,
2x
1−z

(2.16)

we can rewrite the sum of occupational probabilities and wave function overlaps as a
sum of Bessel functions I∆n over vibron exchanges




 
 √ 
X
X
zi
λi 1 + zi X
∆ni ~ωi
λi
2
I∆ni 2
pni
χiD χfD i = exp −
exp
.
~ωi 1 − zi
2kB T
~ωi 1 − zi
n
i

∆ni

∆ni

(2.17)
Applying this to all the vibron modes of the donor and acceptor we get



 
 √ !

zi
∆ni ~ωi
λi
λi 1 + zi X
I∆ni 2
ρFC (∆E) =
exp
×
exp −
~ω
1
−
z
2k
T
~ω
1
−
zi
i
i
B
i
i
∆ni


 


 √ !
Y
zj
λj 1 + zj X
λj
∆mj ~ωj
exp −
I∆mj 2
exp
×
~ωj 1 − zj
2kB T
~ωj 1 − zj
j
∆mj
X
X
δ(∆E +
∆ni ~ωi +
∆mj ~ωj ).
(2.18)
Y

i

j

This expression is most easily solved by transformation to the time domain, where
the δ-function becomes
X
X
δ(∆E +
∆ni ~ωi +
∆mj ~ωj )
(2.19)
i

=

1
2π~

Z

∞

−∞

j






X
X
dt expi ∆E +
∆ni ~ωi +
∆mj ~ωj t/~,
i

j

and we use the Jacobi-Anger identity
∞
X

I∆ni (x) exp(i∆ni θ) = exp(x cos θ),

∆ni =−∞

with θ = ωi t − i~ω/2kB T and obtain

(2.20)
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Z ∞
1
∆Et X λi 1 + zi
dt exp i
+
cos(ωi t) − 1 + i sin(ωi t)
2π~ −∞
~
~ωi 1 − zi
i




X λj 1 + zj
cos(ωj t) − 1 + i sin(ωj t) .
(2.21)
+
~ωj 1 − zj
j

Finally, we use the relation


~ωi
1 + zi
coth
=
,
2kB T
1 − zi

(2.22)

to obtain
ρFC (∆E)

=


Z ∞
∆Et
1
dt exp i
2π~ −∞
~




X λi 
~ωi
+
cos(ωi t) − 1 + i sin(ωi t)
coth
~ωi
2kB T
i





X λj
~ωj
+
cos(ωj t) − 1 + i sin(ωj t) . (2.23)
coth
~ωj
2kB T
j

Solving the integral in Eq. (2.23) numerically can be problematic. This is because for
some values of ∆E there is no combination of the vibron mode transitions that is in
exact resonance. Physically, this would be unrealistic because there are always some
weakly coupling vibrational modes that can assist in creating the resonance condition.
These can be for example intermolecular vibrational modes. If we assume that such
modes have small frequencies and can be treated classically (~ωcl  kB T ), then we
can use the following approximations in Eq. (2.23):
cos(ωcl t) ≈ 1 − (ωcl t)2 /2 and sin(ωcl t) ≈ ωcl t.

(2.24)

If we insert this into Eq. (2.23) we get

Z ∞
1
(∆E + λcl )t λcl kB T t2
ρFC (∆E) =
dt exp i
−
2π~ −∞
~
~2





X λi
~ωi
coth
cos(ωi t) − 1 + i sin(ωi t)
+
~ωi
2kB T
i





X λj
~ωj
+
coth
cos(ωj t) − 1 + i sin(ωj t) . (2.25)
~ωj
2kB T
j
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The small Gaussian broadening induced by λcl significantly facilitates the numerical
integration, allowing all the ∆E values to be computed. In Chapter 3 we will show
that if λcl is chosen sufficiently small, its influence on the magnitude of the transfer
rate is negligible.
In Chapters 3 and 4 we will look at transfer between like molecules. In such cases
the FCWD expression can be simplified because ωj = ωi and λj = λi . We can then
write

Z ∞
(∆E + λcl )t λcl kB T t2
1
−
dt exp i
ρFC (∆E) =
2π~ −∞
~
~2





X λi
~ωi
+
2
coth
cos(ωi t) − 1 + i sin(ωi t) . (2.26)
~ωi
2kB T
i
A convenient single vibron mode expression for the low temperature limit of ρFC
can be obtained starting from the wavefunction overlaps Eq. (2.15) and assuming that
the vibron mode is not thermally occupied n = 0


λeff X (λeff /~ωeff )∆n
δ(∆E + ∆n~ωeff )
(2.27)
ρFC,eff (∆E) = exp −
~ωeff
n!
∆n

Here, λeff is the single mode vibron coupling and equal to the reorganization energy
within the Marcus theory, ~ωeff is the single mode vibron energy. This expression is
similar to the Marcus-Levich-Jortner (MLJ) expression, where in the MLJ expression,
the δ-function is replaced by a Gaussian broadening with classical reorganization
energy λcl . From Eq. (2.27) we exploit the δ-function to insert ∆n = ∆E/~ωeff and
write


exp(−Seff )
1
∆E ln(Seff )
 exp
ρFC,eff (∆E) =
~ωeff Γ ∆E/~ωeff + 1
~ωeff
(2.28)


∆E + |∆E|
exp −
.
2kB T
Here, Seff = λeff /~ωeff and the last factor is added to satisfy detailed balance. This
equation will be used in Chapter 4 to approximate the full vibron rate using Seff and
~ωeff as fitting parameters.
In Chapter 5 we study the transfer between different molecules. Starting from
Eq. (2.23), we write the Franck-Condon-weighted density of states as a spectral overlap of the donor and acceptor vibronic spectra. To show this, we use ∆E = EA − ED
to write




Z ∞
(E − ED )t
(EA − E)t
1
dt exp i
ID (t) × exp i
IA (t),
(2.29)
ρFC =
2π~ −∞
~
~
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with
ID (t) = exp

X
i

λi
~ωi



λj
~ωj







~ωi
coth
cos(ωi t) − 1 + i sin(ωi t) ,
2kB T

(2.30)





~ωj
coth
cos(ωj t) − 1 + i sin(ωj t) .
2kB T

(2.31)

and
IA (t) = exp

X
j

Now using the convolution theorem
F{f · g} = F{f } ∗ F {g},
we can write

(2.32)

Z
ρFC =

with

(2.33)

∞



(E − ED )t
dt exp i
ID (t),
~
−∞

1
2π~

Z

ID (E) =

1
2π~

Z

IA (E) =

and

ID (E)IA (E)dE,

(2.34)

∞



(EA − E)t
dt exp i
IA (t).
~
−∞

(2.35)

The deconvolution of ρFC into the donor and acceptor spectra will be useful when we
want to interpret the effect of combining different donor and acceptor molecules, as
is done in Chapter 5.

2.4

Simulating the disorder

In this section we introduce the methods required to calculate the spatial, orientational
and energetic disorder. We start by explaining how the morphologies are obtained,
which contain the spatial and orientational disorder of the molecular materials. The
orientational disorder determines the disorder in the transfer integrals, and we discuss
how this disorder is stochastically approximated. Finally, we will briefly discuss how
the energetic disorder is calculated for the molecules in the disordered morphologies.

2.4.1

Spatial disorder

The microscopic morphologies used in this work are calculated using the deposit
simulation code [11]. The code models the deposition and geometric relaxation of
molecules on a surface, thereby mimicking the vapor deposition process often used to
grow the organic layers in OLEDs. The microscopic morphologies generated consist
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of around 103 molecules and are therefore not large enough to capture the percolative
nature of the carrier transport [8]. In this work we employ two methods to upscale
the microscopic morphologies to the device (106 molecules) scale.
1) Dominance competition point placement
The first method used in this work to upscale the morphologies has been developed
by Baumeier et al. [2]. The method is based on a dominance-competition pointplacement model that relies on the thinning of a Poisson process. The method starts
out with an empty simulation box. Subsequently, uniformly generated points (representing the center-of-mass of the molecules) are added to the box. Once enough
points are added, the dominance-competition process is used to thin out the morphology and make sure that there is a significant distance between the molecules. This
process is repeated until the desired density of the morphology is reached. The result
of this procedure can be compared with the microscopic morphologies by looking at,
for example, the radial distribution function (RDF) or the nearest-neighbor distribution function (NNDF). The method reproduces the distribution of the molecules quite
well for molecules that have a rather anisotropic shape, i.e. non-spherical molecules.
However, we have found that if the molecules are more spherically shaped, like most of
the iridium emitters studied in this work, the model does not correctly reproduce the
RDF and NNDF of the morphology. This can already be seen by looking at a 0.7 nm
thick cross section of a morphology of the host-guest system of the iridium emitter
Ir(ppy)3 in 4,4’-Bis(N -carbazolyl)-1,1’-biphenyl (CBP) as illustrated in Fig. 2.2.
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Figure 2.2: Left: 0.7 nm cross section of a morphology of 10 mol% Ir(ppy)3 in CBP,
the variation in center-of-mass distance in this morphology is quite large. Right: 0.7 nm
cross section of a morphology of the Ir(ppy)3 neat film, the morphology shows very evenly
distributed centers-of-masses.

The CBP molecules are quite anisotropically shaped and determine the distribution of the molecules in the host-guest system. The cross section of the host-guest
system Fig. 2.2 clearly shows much more variation in the center-of-mass distances,
while the molecules in the neat film of Ir(ppy)3 are evenly distributed. The stochastic nature of the point-placement method by Baumeier et al. makes it difficult to
reproduce the distribution found in the Ir(ppy)3 neat film. This is because the close
packing in the neat film does not allow for many points to be added after a first morphology has been established. It is therefore difficult to reach the desired density, and
the procedure becomes too time demanding. Therefore, we propose another method.
2) Disordered lattice Monte Carlo
Intuitively it seems more logical to start from a more ordered state to reproduce the
neat film morphology displayed in Fig 2.2. For this we take a hard-sphere packing
morphology. A schematic of the resulting method is given in Fig. 2.3.

40

Chapter 2. Computational methods

Figure 2.3: Schematic representation of the morphology expansion method for ordered
morphologies: (1) face centered cubic lattice generation, (2) assignment of a radius ri for
each molecule i, and (3) application of an iterative Monte Carlo algorithm that leads to a
stochastic mesoscopic distribution of points resembling the microscopic distribution function
of the molecular centers-of-masses.

First (1), a face centered cubic lattice with a density equal to the microscopic morphology is generated. Each lattice point represents the center-of-mass of a molecule.
Then (2), each point (i) in the lattice is assigned a radius (ri ), chosen randomly from
a normal distribution with an average µr and a standard deviation σr . After this
preparation procedure, an iterative Monte Carlo algorithm is started (3), from which
for optimized values of µr and σr a mesoscopic morphology is obtained with a RDF
that closely resembles that of the microscopic morphology:
1. A point i with position p~i is randomly chosen out of all N points, with initial
position vectors P = {~
p1 , .., p~i , .., p~N }.
2. A random displacement d~ is chosen with d~ = α(Rx x̂ + Ry ŷ + Rz ẑ). Here, Rx ,
Ry , and Rz are random numbers in the range {−1, 1}, and α is an adjustable parameter.
3. Distances rij = |p~0 i − p~j | from the new point with position p~0 i = p~i + d~ to all
other points j are calculated.
4. The new position of point i is accepted if rij > ri and rij > rj .
5. Steps 1 to 4 are repeated until the RDF of the stochastic mesoscopic morphology
resembles most closely the RDF of the microscopic morphology.
6. Steps 1 to 5 are repeated systematically for other values of the parameter set
{µr , σr }, until a set {µr , σr } is obtained that leads to a RDF and NNDF of the
stochastic mesoscopic morphology that optimally resemble those of the microscopic
morphology.
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Transfer integral disorder

As mentioned in section 2.2, the transfer integrals are strongly dependent on the
mutual orientation of the donor acceptor pairs. In order to get a fair representation
of the distribution of the transfer integrals, they are calculated for a large amount
of molecular pairs drawn from a microscopic morphology of around 103 molecules
generated using the deposit code. We thus obtain a large set of squared transfer
integrals (J 2 ) as a function of donor acceptor distance (RDA ), as depicted in Fig. 2.4.

Figure 2.4: Schematic depiction of the transfer integral cloud obtained from the microscopic
calculation, and the stochastic binning method used to extrapolate the cloud to the device
scale system.

In order to extrapolate to the device scale, we first separate the transfer integral
cloud into bins with distance intervals (∆RDA ). Within each distance interval there
is a distribution of transfer integrals due to the difference in orientations of the donor
acceptor pairs. We now stochastically approximate the transfer integral distribution
within the bin by fitting it with a Gaussian. The transfer integrals in the mesoscopic
systems are now assigned by first finding the right distance bin and then picking a
transfer integral from the fitted Gaussian belonging to that bin.

2.4.3

Energetic disorder

The energetic disorder of the charged and excited state energy levels in the mesoscopic
system is described by a Gaussian distribution with disorder parameter σ. The disorder parameter is obtained by calculating the energy levels for a large set of molecules

42

Chapter 2. Computational methods

in the microscopic system and fitting a Gaussian distribution to the energies. For the
electrons, holes and triplets the energies are obtained as from the LUMO, HOMO
and spin-restricted triplet state energies, respectively, of the molecules using DFT.
The effect of the environment of the molecule on the energies is taken into account
using the quantum patch method. In this method the polarizability of the local
environment of the molecule is described by point charges that are iteratively updated
per molecule using DFT [5]. The long-range electrostatic interactions are taken into
account by static point charges.

2.5
2.5.1

Transport simulations
Charge transport

With the steps described in the last subsection the transport network is generated from
the mesoscopic morphology, energetic disorder and transfer integrals, while the rates
between all the transport sites (molecules) are calculated using the FGR expression
(Eq. 2.1). In the case of charge transport we are interested in the steady state charge
transport properties. The charge carrier mobility can be calculated efficiently by
setting up and numerically solving the time-dependent Pauli Master Equation (ME).
The ME describes the time evolution of the charge carrier occupation probabilities pi
X
dpi
=
[kji pj (1 − pi ) − kij pi (1 − pj )].
dt
j

(2.36)

In this equation the sum runs over all neighbouring sites j of site i, with kji the transfer
rate from site j to i and kij from i to j. Here the factor (1 − pj ) ensures that a site
can not be occupied by more than one carrier as a consequence of the strong on-site
Coulomb repulsion. Coulomb interactions of carriers on different sites are neglected
in this method. For the carrier densities studied in this work (< 10−4 per molecule)
i
such an approximation is valid [7]. The steady-state ME is solved for dp
dt = 0 by using
Yu’s method [17]. In this method the initial occupational probabilities are chosen as
pi =

1
,
1 + exp([Ei − µi ]/kB T )

(2.37)

and µi = EF , with EF the Fermi energy and Ei the on site energies drawn from
the energetic disorder. From this initial occupational probability the probabilities are
updated using
P


j kij (1 − pj )
P
.
(2.38)
pi = 1/ 1 +
j kji pj
The updated probabilities are then again inserted in Eq. (2.38), this process is repeated until convergence is achieved. The problem with the Yu method is that at
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large electric field, far from equilibrium, the carrier concentration is not conserved
from one iteration to the next. To solve this problem we calculate the electrochemical
potential µi after convergence using Eq. (2.37). Next, the µi values are shifted such
that the original carrier concentration is obtained. From the converged result the
current density is found by
e X
kij pi (1 − pj )Rij,x ,
(2.39)
J=
V ij
where V is the volume of the system and Rij,x is the spatial separation of sites i and
j in the x-direction.
While Yu’s method is able to efficiently calculate the steady state transport properties, it does not allow calculation of transient properties. To simulate the transient
behaviour we have to solve the Master Equation for consecutive time-steps. For this
we use the implicit Euler method
[n]

[n−1]

pi − pi
∆t[n]

=

Xh

i
[n]
[n]
[n]
[n]
kji pj (1 − pi ) − kij pi (1 − pj ) .

(2.40)

j

For every consecutive time step n we then need to solve the equation
[n]

gi =

[n−1]

pi − pi
∆t[n]

−

Xh

i
[n]
[n]
[n]
[n]
kji pj (1 − pi ) − kij pi (1 − pj ) = 0.

(2.41)

j

We solve this equation using Newton’s method
∆p = J−1 g,

(2.42)

where ∆p is the step in the probability vector p[n] , which will go to zero after several
iterations. The Jacobian matrix elements are given by
X
[n]
Jii = 1/∆t[n] +
kim (1 − p[n]
(2.43)
m ) + kmi pm
m
[n]

[n]

Jij = −kij pi − kji (1 − pi ).

(2.44)

In the solver we now add an equation to make sure that the carrier concentration is
conserved in the Newton iterations:
X
∆pi = 0.
(2.45)
i

The system of equations is finally solved using the pardiso solver [3, 15].
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Exciton transport

In the case of exciton transport we are following the time evolution of a single exciton.
We could in principle use the Pauli Master Equation method introduced in the last
subsection. However, for exciton transfer may neighbouring sites need to be included
in order to model the long-range Förster transfer properly. Due to the large amount
of neighbours it becomes difficult to store the Jacobian matrix, making the solver ineffective. Luckily, the motion of a single exciton can be very efficiently studied by the
Kinetic Monte Carlo (KMC) method. We therefore choose to use a KMC simulation
to study exciton diffusion. We use the KMC to study single excitons with a lifetime
τ . The method works as follows:
1 An exciton is placed randomly on one of the guest sites within the simulation
box.
2. The rates for the transfer events (kij ) from the initial position (i) to all possible neighbouring sites (j) are calculated.
3. By comparing the rates
P to a uniform random number (R1 ) multiplied by the
sum over all rates ktot = j kij , a transfer or decay event is chosen.
4. The total simulation time is advanced by another random number (R2 ) divided by
the log of the sum over all rates: ∆t = R2 /ln(ktot ).
5. Steps 2-4 are repeated until the exciton has decayed.
From the statistics of exciton decays a diffusion length calculated. The probability
(P ) distribution of diffusion distances is given by


|x|
1
exp
,
(2.46)
P (|x|) =
2LD,1D
LD,1D
with |x| the absolute 1D displacement of the exciton from its initial
position to its
√
final position. The 3D diffusion length LD is obtained as LD = 3LD,1D .
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Chapter 3

Full quantum treatment of
charge dynamics in amorphous
molecular semiconductors
In Chapter 2 we have introduced the Fermi’s Golden Rule rate and the different methods necessary to apply the rate to realistic disorder and find the charge transport
properties.
In this chapter we show the results of the single mode FGR rate as a function of
vibron-coupling strength and vibron mode energy. We then calculate for three common
OLED host materials (α-NPD, TCTA and spiro-DPVBi), the actual vibron modes
and couplings using first-principles methods. The effect of the molecular environment
on the coupling strength and mode energy is investigated by looking at a set of 20
molecules, each having its own unique environment, drawn from a microscopic morphology. The calculated rates are then applied to realistic energetic spatial and orientational disorder to calculate electron and hole mobilities for the three molecules. We
look at the electric field and temperature dependence and find that at low temperatures
the Marcus theory deviates significantly from the correct FGR treatment. Interestingly
the Miller-Abrahams theory seems to describe the temperature dependence of the mobility more correctly. Finally, we look at the charge dynamics by following a carrier
concentration as it relaxes from the center of the density of states to the equilibrated
average energy. In the dynamics we see very little difference between the FGR, Marcus
and MA models.

This work has been published: X. de Vries, P. Friederich, W. Wenzel, R. Coehoorn
and P.A. Bobbert, Phys. Rev. B 97, 075203 (2018).
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Chapter 3. Full quantum treatment of charge dynamics in amorphous molecular
semiconductors

3.1

Introduction

Amorphous polymeric and molecular organic semiconductors are crucial compounds
used in organic devices such as organic field-effect transistors (OFETs), organic photovoltaic (OPV) cells, and organic light-emitting diodes (OLEDs). The modeling of
charge dynamics in these materials is essential for the further development of organic
devices. Systematic modeling started with the work of Bässler in the nineteen-nineties
[4]. It was assumed that due to the disorder the charge carriers are localized and hop
non-adiabatically between localization sites by phonon-assisted tunneling, or “hopping”. In the early studies use was made of the Miller-Abrahams (MA) hopping rate
[20], kMA = k0 if ∆E < 0 and kMA = k0 exp(−∆E/kB T ) if ∆E > 0, where ∆E
is the electronic energy change, T temperature, kB Boltzmann’s constant, and k0 a
prefactor proportional to the square of the electronic coupling J between the sites,
assumed to decay exponentially with intersite distance. The advantage of using the
MA rate is its simplicity: no material-specific information is needed for describing the
energy dependence of the rate. It was established that the strength of the energetic
disorder, modeled by a Gaussian density of states (DOS), plays a central role, both for
the steady-state mobility and energetic relaxation of charge carriers [4]. The resulting
model is known as the Gaussian Disorder Model (GDM). It was later realized that
filling of the DOS by only a small fraction of carriers can already strongly increase
the charge-carrier mobility [27, 24, 3], requiring an extension of the GDM [23].
Present-day commercial OLEDs make use of amorphous molecular organic semiconductors. The theoretical advantage of considering molecular instead of polymeric
semiconductors is that the localization sites are clearly defined: they coincide with
the molecules. Recently, several groups made progress in evaluating charge dynamics
in these materials from explicit calculations of the morphology, the on-site energies,
the intermolecular electronic couplings, and the molecular reorganization energy λ
[13, 25, 12, 10]. Use was made of the semiclassical Marcus hopping rate [15]


2π
J2
(∆E + λ)2
√
exp −
.
(3.1)
kMarcus =
~ 4πλkB T
4λkB T
In Marcus theory, the coupling of the vibrons (intramolecular vibrations) to the charge
is treated classically, which means that Eq. (3.1) is only valid if the vibron energy
~ωi  kB T for all modes i. Because of the π-conjugation, intramolecular modes
involving carbon-carbon bond vibrations couple strongly to the charges. These modes
have typical energies in the range 0.1-0.2 eV, i.e., almost one order of magnitude
larger than kB T at room temperature, invalidating a semiclassical approach and the
use of Eq. (3.1). It is of paramount importance to study the consequences of going
beyond the semiclassical approximation by including the charge-vibron coupling fully
quantum mechanically and to provide benchmark results for the charge dynamics that
do no suffer from uncontrolled approximations. This is the goal of this chapter.
While Eq. (3.1) predicts a vanishing conductivity in the limit T → 0, a quantum
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treatment of the vibron modes, accounting for nuclear tunneling through a classically
forbidden region of nuclear arrangements accompanying the charge transfer, explains
the observed finite conductivity in this limit in chemically doped in-plane diodes and
ferroelectric field-effect transistors of amorphous semiconducting polymers [2]. In
a recent study of low-energy tails of external quantum efficiency (EQE) spectra of
OPV cells of C60 mixed with different donor molecules, a failure of the application of
Eq. (3.1) in describing the EQE tails was attributed to quantum mechanical freezeout of high-energy vibrons [29]. These two examples point at the importance of
considering the quantum character of vibrons in studying charge dynamics. We note
that the impact of a full quantum treatment of vibron modes on charge transport has
been considered for organic crystals [21], but, as far as we know, not yet for amorphous
molecular semiconductors, where the percolative nature of the charge transport [7]
adds an additional important complexity.
The chapter is built up as follows. In Section 3.2 we look at the single mode
version of the quantum FGR rate as derived in the last chapter. In Section 3.3 we
apply this expression to calculate the transfer rates of electrons and holes in three
molecular semiconductors employed in OLEDs, based on first principles calculations
of all intermolecular vibron frequencies and reorganization energies for simulated morphologies of these semiconductors. In Section 3.4 we calculate the resulting mobilities
of electrons and holes as well as their energetic relaxation in these three materials.
Section 3.5 contains a summary and conclusion. Values of the calculated intermolecular vibron frequencies and their corresponding reorganization energies, and various
checks and comparisons can be found in the appendix.

3.2

Full quantum charge transfer rate

The product of Bessel functions derived in the previous chapter represents the FGR
expression including all vibron modes. Taking one factor of the product, we obtain
the single mode approximation of the FGR rate.

k





   √ 
λ 1+z
∆n~ω X
λ
z
2π 2
J exp −
exp
I∆n 2
×
=
~
~ω 1 − z
2kB T
~ω 1 − z
∆n

δ ∆E + ∆n~ω .

(3.2)

From this, we exploit the δ-function to replace ∆n~ω with −∆E and obtain,

k





   √ 
∆E
λ 1+z X
z
2π 2
λ
=
J exp −
exp −
I∆n 2
×
~
2kB T
~ω 1 − z
~ω 1 − z
∆n

δ ∆E + ∆n~ω .
(3.3)
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In Fig. 3.1 we show the ∆E dependence of the single mode FGR rate Eq. (3.3)
at room temperature (T = 300 K) for different values of its frequency and coupling
strength. A typical value J = 1 meV is chosen for the electronic coupling. For
~ω = kB T /2 (left column), the Marcus rate Eq. (3.1) is approximately recovered,
as expected, while for ~ω = 2kB T and 8kB T (middle and right column) Eq. (3.1) is
inaccurate. For ~ω = 8kB T and λ = ~ω or 2~ω the full quantum rate is significantly
larger than the Marcus rate around ∆E = 0, in accordance with the rate enhancement
by nuclear tunneling [2]. Interestingly, the ∆E dependence of the full quantum rates
for ~ω = 8kB T is close to that of the MA rate, in particular for λ = ~ω. The reason is
that for that case the prefactors of the δ-function in Eq. (3.3) for ∆n = 0 and ∆n = 1
are approximately equal.
ħω/kBT
2

8

Transfer rate k (s-1)

2

1 λ/ħω

Miller-Abrahams
Marcus
Full quantum

1/2

Energy difference ∆E (eV)
Figure 3.1: Transfer rates at T = 300 K vs. energy difference ∆E between two sites with
electronic coupling J = 1 meV, and coupling to one vibron mode with varying frequency ω
and reorganization energy λ. Red discs/full lines: full quantum rate (prefactor of δ-function
in Eq. (3.3) divided by ~ω). Blue dash-dotted curves: Marcus rate. Dashed green lines: MA
rate, scaled to reproduce the full quantum rate at ∆E = 0.
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Electron and hole transfer rates: Application to
α-NPD, TCTA, and spiro-DPVBi

We now turn to three specific molecular semiconductors employed in OLEDs, α-NPD
[N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine] and TCTA [tris(4carbazoyl-9-ylphenyl)amine], both used as hole conductor and host for phosphorescent
emitters, and spiro-DPVBi [2,2’,7,7’-tetrakis(2,2-diphenylvinyl)spiro-9,9’-bifluorene],
used as electron conductor and fluorescent emitter [18]. Recently, charge transport
in these materials was studied using Marcus theory [16], on the basis of a simulated
morphology and ab initio calculations of the molecular on-site energies, reorganization energies, and electronic couplings. In Fig. P
3.2(a) we display for these materials
the cumulative reorganization energy λ(ω) =
ωi <ω λi for electrons and holes of
20 molecules randomly chosen from an amorphous sample simulated as explained in
the previous chapter, taking into account all intramolecular modes. Appendix A.2 explains how the frequencies ωi and electron and hole reorganization energies λi of these
modes were obtained for the three materials, and includes tables of their calculated
values.
Clearly visible in Fig. 3.2(a) are the large contributions to λ of modes involving
C-C bond vibrations in the range 0.1-0.2 eV. However, there are also important contributions from various dihedral rotations and other low-energy modes, particularly
for electrons and holes in spiro-DPVBi and for holes in α-NPD and TCTA, resulting in quasi-continuous spectra up to about 0.2 eV. Additionally, small contributions
involving C-H bond vibrations are visible just below 0.4 eV.
In the amorphous solid phase, apart from coupling to intramolecular modes,
charges couple to intermolecular modes. Our present calculational framework does
not allow to evaluate this coupling. However, intermolecular modes will have low
frequencies and can therefore be treated classically. Their effect can thus be accommodated by introducing a “classical” reorganization energy λcl and replacing the
δ-function in Eq. (3.3) by the right-hand-side of Eq. (3.1) with λ = λcl (excluding the
factor 2πJ 2 /~), leading to a Gaussian broadening. We expect λcl to be considerably
smaller than the intramolecular reorganization energies, but a small non-zero value is
required in the charge dynamics calculations in the next section to allow for charge
transfer at the various ∆E-values occurring in the amorphous phase. In Appendix
A.3 we show for electrons in α-NPD and TCTA (the two most critical cases) that in a
broad range 0.001 < λcl < 0.05 eV the room-temperature mobility in the amorphous
phase is practically independent of λcl . In all results presented henceforth we took
the computationally convenient value λcl = 0.01 eV.
In Fig. 3.2(b) we show for this value and J = 1 meV the ∆E dependence of the
full quantum rates at room temperature for all 400 combinations of the molecules
from Fig. 3.2(a), adding the vibron coupling spectra of two molecules to obtain the
spectrum of their combination. The quasi-continuous spectra wash out features in
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the rates, except for electrons in α-NPD and TCTA, for which the coupling to lowenergy vibrons is relatively small. For these two cases features related to the 0.2 eV
vibrons are clearly visible. The results are reminiscent of those for ~ω = 8kB T at
room temperature and λ = ~ω ≈ 0.2 eV in Fig. 3.1. They can be understood as
originating from a dominant mode of energy ~ω ≈ 0.2 eV, with low-frequency modes
“filling up” to a varying degree the regions in between integer multiples of this energy.
We also show in Fig. 3.2(b) the Marcus rates for the average reorganization energy
λ̄ of all combinations of molecules (the values are, respectively, λ̄ = 0.120, 0.085, and
0.299 eV for electrons in the three materials, and λ̄ = 0.212, 0.184, and 0.212 eV for
holes). In addition, we show MA rates with a prefactor tuned to reproduce the roomtemperature zero-field mobilities (see next section). The Marcus as well as the MA
rates roughly follow the quantum rates in the displayed energy range, but differences
up to an order of magnitude do occur. A comparison between the quantum rates
and the MLJ rates is given in Fig. 3.4 in Appendix A.1, showing that these rates are
inapplicable to modeling charge dynamics in amorphous molecular semiconductors.

Cumulative reorg. energy λ (eV)

3.3. Electron and hole transfer rates: Application to α-NPD, TCTA, and
spiro-DPVBi

α-NPD

Spiro-DPVBi

Holes

Electrons

TCTA
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(a)

Phonon energy ω (eV)

(b)

Full quantum

Electrons

Marcus

Holes

Transfer rate k (s-1)

Miller-Abrahams

Energy difference ∆E (eV)

Figure 3.2: (a) Cumulative reorganization energies for electrons and holes on 20 molecules
randomly chosen from α-NPD, TCTA, and spiro-DPVBi samples. (b) Energy dependence
of transfer rates at T = 300 K for J = 1 meV. Red curves: full quantum rates for all 400
combinations of molecules from (a), using λcl = 0.01 eV. Blue dash-dotted curves: Marcus
rate using the average reorganization energy λ̄ of the 20 molecules. Dashed green lines: MA
rate with prefactor scaled to reproduce µfull in Fig. 3.3(a) at T = 300 K and F = 0.
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3.4

Mobilities and energetic relaxation of electrons
and holes: Application to α-NPD, TCTA, and
spiro-DPVBi

In evaluating the charge-carrier mobilities µ we follow the procedures introduced in
Chapter 2. With a stochastic expansion method [5], simulated morphologies of the
materials in relatively small simulation boxes are stochastically expanded to a collection of sites representing molecular centers of mass in boxes of size 100×100×100 nm3 ,
large enough to allow reliable evaluation of µ by solving a master equation. A Gaussian DOS is taken for the site energies of electrons and holes, with standard deviations
σ equal to those of ab initio calculations of the energies of the lowest unoccupied and
highest occupied molecular orbitals (LUMO and HOMO) [9], respectively, of 1000
molecules in the simulated morphology (the values are, respectively, σ = 0.087, 0.100,
and 0.156 eV for electrons in the three materials, and σ = 0.087, 0.136, and 0.122 eV
for holes [16]). We neglect spatial correlations in the site energies; they only weakly
increase µ in the considered materials [16]. The electronic couplings J between sites
at a certain intersite distance are obtained by the stochastic method described in
Chapter 2. We randomly assign a label in the range 1-20 to each site and attribute
one of the 400 transfer rates of Fig. 3.2(b) to each pair of electronically coupled sites
(correcting the prefactor for the actual value of J) according to its label combination.
We account for the presence of an electric field F by adding an appropriate term to
∆E.
Figure 3.3(a) shows the resulting F dependence of the full quantum mobilities
µfull at T = 300 and 200 K, which we compare to µMarcus and µMA obtained with the
Marcus and MA rates. Since for spatially uncorrelated disorder the F dependence of
µ is approximately independent of the carrier concentration c at not too high F and
c [23], we take a convenient value c = 10−4 carriers per site, which is also realistic
for OLEDs under operational conditions. The F -dependent µ at a different (not too
high) c can be obtained from the shown curves using the universal c dependence of µ
given in Ref. 7. The mobilities µMA were obtained by tuning the prefactor in the MA
rate such that the mobilities µfull at T = 300 K and F = 0 are reproduced. The values
of the MA prefactor correspond to, respectively, k0 /J 2 = 2.92 × 1016 , 3.46 × 1016 , and
1.12 × 1016 s−1 eV−2 for electrons in the three materials, and k0 /J 2 = 1.79 × 1016 ,
2.41 × 1016 , and 2.15 × 1016 s−1 eV−2 for holes. It is gratifying to see that all these
prefactors are of comparable magnitude.
Extremely large differences between µfull , µMarcus , and µMA do not occur in
Fig. 3.3(a), which should be ascribed to the washing out of most of the differences in
the rates in Fig. 3.2(b) by the energetic disorder. Still, significant differences between
µfull and µMarcus of up to a factor of 3 do in some cases occur. Quite strikingly, in
those cases µMA yields a better description. By evaluating µMarcus using the separately calculated reorganization energies (see Tables 3.1-3.3 in appendix A.2) instead
of their average - leading to virtually the same results - we checked that the differences
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between µfull and µMarcus are not caused by taking the average reorganization energy
for the latter case.
Figure 3.3(b) shows the dependence of the F = 0 mobilities on σ̂ 2 ≡ (σ/kB T )2 at
a very low carrier concentration c = 10−6 , where the c dependence of µ has become almost negligible.
For comparison, we draw dashed lines corresponding to

µ ∝ exp −C σ̂ 2 with C = 0.4, as approximately found in Ref. [16]. We conclude
that this dependence is still rather well obeyed. Again, we observe that µMA quite
accurately describes µfull . At low T we observe an enhancement of µfull with respect
to µMarcus , amounting to a factor of about 3 for holes in α-NPD at the lowest considered T , which can be attributed to nuclear tunneling. However, at room temperature
(dotted line) this effect is in all cases unimportant.
We finally study energetic relaxation of carriers, which is claimed to play a crucial
role in the functioning of bulk heterojunction OPV cells [28, 17]. This relaxation
has predominantly been studied using the MA rate [4, 28, 17] and it is important
to investigate the use of the full quantum rate. We evaluate energetic relaxation by
solving a time-dependent master equation [19] in a 50×50×50 nm3 box with an equal
occupational probability of all sites as initial condition. Figure 3.3(c) shows for the
three materials the time evolution of the average energy hEi of electrons and holes
relaxing in the Gaussian DOS. The temperature is T = 300 K, except for electrons
in spiro-DPVBi, where for computational stability reasons related to the large value
of σ we took T = 400 K. The results of using full quantum, Marcus, or MA rates are
almost indistinguishable.

3.5

Summary and conclusion

Summarizing, we have studied the charge dynamics in three molecular semiconductors
used in OLEDs with a hopping rate that includes the coupling to all intramolecular
vibron modes in a fully quantum mechanical way, improving on the widely used
semiclassical Marcus rate. In some cases we find a significant modulation of the
rate associated with C-C bond vibrations. Benchmark results for the mobility and
energetic relaxation of electrons and holes are obtained that are free from uncontrolled approximations. We find that nuclear tunneling can affect the mobility at
low temperature. Surprisingly good results for the mobilities as well as the energetic
relaxation of charge carriers are obtained with the simple and material-independent
Miller-Abrahams rate, which can be used as a computationally cost-effective alternative. We conclude that extracting the disorder strength from temperature-dependent
charge transport studies, as initially proposed by Bässler [4], is well possible, but
extracting the reorganization energy is not.
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Figure 3.3: (a) Field dependent mobilities at T = 300 and 200 K, and carrier concentration
c = 10−4 , where e is the charge unit and a the average intersite distance (1.01, 1.05, and
1.19 nm, respectively, in the three materials [16]). The results are averages over 10 disorder
realizations. Red discs/solid lines: full quantum rates (µfull ). Blue squares/dash-dotted
lines: Marcus rates (µMarcus ). Green diamonds/dashed lines: MA rates (µMA ), scaled to
reproduce µfull at T = 300 K and F = 0. (b) Dependence of mobilities on σ̂ 2 ≡ (σ/kB T )2 for
c = 10−6 and F = 0.
 Dotted lines indicate T = 300 K and dashed lines slopes corresponding
to µ ∝ exp −0.4σ̂ 2 . (c) Time dependent average energy, with respect to the center of the
DOS, of carriers initially released at arbitrary sites (T = 400 K for electrons in spiro-DPVBi
and 300 K for all other cases). Dotted lines indicate full relaxation.

Appendix
A.1

Relation and comparison to the Marcus-Levich-Jortner
rate

The Marcus-Levich-Jortner (MLJ) formulation [14, 11], which goes beyond the semiclassical approximation, assumes an initial state without vibrons in the modes that are
treated quantum mechanically. Thermal excitations in the classically treated modes
are still accounted for. We start with Eq. (3.4) which is taken from Chapter 2 for the
case of transfer to like molecules

Z ∞
1
(∆E + λcl )t λcl kB T t2
ρFC (∆E) =
−
dt exp i
2π~ −∞
~
~2





X λi
~ωi
+
cos(ωi t) − 1 + i sin(ωi t) . (3.4)
coth
~ωi
2kB T
i
here, λi = 2λ0i where λ0i is the vibronic coupling of the single molecule. To obtain the
MLJ expression we take the limit T → 0, but keep T finite in the second term in the
exponent of the integrand in Eq. (3.4). As a result, we obtain:
"
#
X λi
1
exp −
ρMLJ =
2π~
~ωi
i
"
#
Z ∞
(∆E + λcl ) t λcl kB T t2 X λi
×
dt exp i
−
+
exp(iωi t) ,
(3.5)
~
~2
~ωi
−∞
i
which is an expression that allows more efficient numerical computation than the
familiar expression for the multi vibron mode MLJ rate:
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λi
= √
exp −
~ωi
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∆ni =0
"
#
P
2
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.
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(3.6)

i
hP
λi
By expanding exp
i ~ωi exp(iωi t) in a Taylor series and performing the time
integral in Eq. (3.5) one can show that Eqs. (3.5) and (3.6) are equivalent.
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Figure 3.4: Full quantum rates (red curves) and MLJ rates (blue curves) for electron and
hole transfer at room temperature as a function of ∆E for 20 randomly chosen pairs in the
three materials studied in this chapter, for J = 1 meV and λcl = 0.01 eV.

In Fig. 3.4 we compare the ∆E dependence at room temperature of the MLJ rates
Eq. (3.5) (blue curves) with that of the full quantum rates (red curves) for 20 randomly
chosen molecular pairs of the three materials studied in this chapter, for electrons and
holes. As in the main text, we have taken J = 1 meV and λcl = 0.01 eV. It is clear that
for ∆E < 0 the MLJ rates are in general reasonably accurate (yet in some specific
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cases they are still significantly off) but that they are inapplicable for ∆E > 0, where
they are much too small. In the percolative transport in the disordered amorphous
semiconductors studied in this work, the charge-carrier mobility is determined by
“difficult but necessary” hops, which will almost always have ∆E > 0. Hence, the
MLJ rates are inapplicable to modeling charge dynamics in amorphous molecular
semiconductors.

A.2

Calculation of the vibron energies and coupling in embedded environments

Morphologies of α-NPD, TCTA, and spiro-DPVBi were obtained using the METROPOLIS Monte Carlo based simulated annealing protocol DEPOSIT [22], which was applied to simulate the deposition of about 1000 molecules in the vertical direction in
simulation boxes of a lateral size of 7 × 7 nm2 with periodic boundary conditions in
the lateral directions. For each material we randomly selected 20 molecules and calculated their intramolecular phonon mode frequencies ωi , the reorganization energies
λi associated with all modes i, and their total reorganization energies λ for charging
with an electron or a hole. The calculations were performed using density functional
theory (DFT) with a def2-SV(P) [26] basis set and a B3LYP [6] functional as implemented in TURBOMOLE [1]. Every molecule is surrounded by an environment of 100
effective all-electron potentials to take into account the confinement of the molecule
by the surrounding molecules [8].
The total reorganization energies λ for electrons and holes were calculated using
Nelsen’s four-point procedure. They are split into a charging (λ0 ) and decharging
(λ∗ ) contribution. The results are given in Tables 3.1-3.3 for the three materials. The
frequencies ωi and reduced masses µi of the vibron (normal) modes were obtained
from the mass-weighted Hessian matrix of force constants. The displacements of all
atoms in all three cartesian directions from their equilibrium positions for the neutral
molecule to the equilibrium positions for the charged molecule were decomposed in
displacements ∆qi of the vibron modes i. The reorganization energies λi were then
obtained as λi = 12 µi ωi2 ∆qi2 .
When the charge-vibron coupling is linear in the displacements ∆qi of the vibron
modesP
and when these displacements are within the harmonic regime, we have λ0 =
∗
λ = i λi . We see from Tables 3.1-3.3Pthat this is almost always to a reasonable
approximation the case. In cases where i λi calculated with this method was 30%
larger than λ0 we used a different method to calculate the λi ’s. In those cases,
indicated with a star (*) in Tables 3.1-3.3, we used a linearization method in which
we calculated the derivatives ∂E/∂qi of the total energy of the charged molecule
with respect to the vibron mode coordinates qi in the equilibrium structure of the
neutral molecule. From these derivatives we calculated ∆qi as ∆qi = (∂E/∂qi ) /µi ωi2
and from these the reorganization energies λi = 12 µi ωi2 ∆qi2 . In this way we obtain
the leading linear term of the charge-vibron coupling.
P It is seen in Tables 3.1-3.3
that this method always yields reasonable values of i λi . We note, however, that
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the method is necessarily approximate, because in these cases the displacements are
beyond the linear regime of the charge-vibron coupling and/or beyond the harmonic
regime. Because these cases are rare, they have no significant effect on the results
presented in this chapter. We also note that for the first spiro-DPVBi molecule in
Table 3.3, λ0 is negative for charging by an electron. The reason is that the molecule
is in a local minimum and can gain energy by crossing a barrier in the direction of
the equilibrium structure of the charged molecule. This
P is accompanied by a very
large positive value of λ∗ . However, also for this case i λi as calculated with the
linearization method has a reasonable value.
P
Table 3.1: Reorganization energies λ0 for charging, λ∗ for decharging, and the sum i λi of
the reorganization energies associated with all intramolecular phonon modes for 20 α-NPD
molecules randomly chosen from a simulated sample of about 1000 molecules. The values
indicated with a star (*) were obtained with the linearization method explained in the text.

λ0 (eV)
0.066
0.061
0.058
0.057
0.057
0.061
0.061
0.060
0.060
0.063
0.057
0.057
0.063
0.062
0.062
0.056
0.059
0.061
0.055
0.061

α-NPD electron
P
λ∗ (eV)
i λi (eV)
0.072
0.067
0.061
0.061
0.057
0.059
0.055
0.057
0.056
0.057
0.060
0.061
0.060
0.062
0.058
0.060
0.060
0.061
0.061
0.063
0.064
0.060
0.055
0.057
0.065
0.064
0.064
0.063
0.062
0.063
0.055
0.056
0.064
0.060
0.062
0.063
0.058
0.056
0.060
0.062

λ0 (eV)
0.116
0.110
0.096
0.154
0.053
0.137
0.159
0.127
0.087
0.067
0.098
0.092
0.103
0.094
0.106
0.116
0.071
0.114
0.138
0.122

α-NPD hole
P
λ∗ (eV)
i λi (eV)
0.104
0.108
0.102
0.103
0.104
0.106
0.157
0.170
0.062
0.062
0.129
0.130
0.135
0.188
0.110
0.139
0.081
0.089
0.060
0.067
0.091
0.098
0.086
0.074∗
0.096
0.099
0.086
0.090
0.108
0.105
0.117
0.097∗
0.066
0.071
0.113
0.108
0.147
0.125∗
0.116
0.115
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Table 3.2: Same as Table 3.1, but for TCTA.

λ0 (eV)
0.032
0.053
0.033
0.040
0.043
0.037
0.041
0.039
0.043
0.031
0.067
0.036
0.028
0.032
0.043
0.034
0.032
0.027
0.033
0.037

TCTA electron
P
λ∗ (eV)
i λi (eV)
0.034
0.033
0.048
0.053
0.035
0.033
0.041
0.041
0.042
0.043
0.043
0.038
0.041
0.043
0.038
0.039
0.041
0.044
0.033
0.032
0.220
0.069∗
0.036
0.037
0.031
0.029
0.038
0.032
0.042
0.043
0.035
0.035
0.033
0.033
0.030
0.028
0.035
0.034
0.038
0.039

λ0 (eV)
0.017
0.072
0.120
0.108
0.083
0.079
0.088
0.085
0.149
0.085
0.232
0.077
0.085
0.085
0.082
0.087
0.113
0.083
0.078
0.080

TCTA hole
P
λ∗ (eV)
i λi (eV)
0.017
0.016
0.062
0.070
0.142
0.104∗
0.115
0.083∗
0.086
0.071∗
0.070
0.070∗
0.091
0.088
0.085
0.081
0.111
0.082∗
0.117
0.099∗
0.108
0.040∗
0.077
0.076
0.090
0.087
0.091
0.092
0.077
0.076
0.087
0.084
0.141
0.147∗
0.077
0.077
0.077
0.076
0.078
0.077
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Table 3.3: Same as Table 3.1, but for spiro-DPVBi.

spiro-DPVBI electron
P
λ0 (eV) λ∗ (eV)
i λi (eV)
-0.052
0.535
0.166∗
0.173
0.149
0.197
0.210
0.216
0.239
0.151
0.150
0.136∗
0.091
0.104
0.099
0.138
0.139
0.142
0.134
0.116
0.147
0.180
0.164
0.131∗
0.232
0.258
0.191∗
0.147
0.169
0.173
0.129
0.124
0.140
0.171
0.183
0.189
0.115
0.106
0.119
0.159
0.143
0.167
0.088
0.105
0.101
0.155
0.133
0.175
0.164
0.148
0.183
0.102
0.105
0.105
0.227
0.205
0.158∗
0.094
0.099
0.098

A.3

spiro-DPVBI hole
P
λ0 (eV) λ∗ (eV)
i λi (eV)
0.087
0.103
0.101
0.133
0.198
0.149
0.133
0.131
0.133
0.089
0.091
0.099
0.067
0.067
0.066
0.095
0.088
0.096
0.067
0.069
0.068
0.069
0.077
0.070
0.107
0.197
0.191∗
0.103
0.099
0.106
0.081
0.215
0.085
0.071
0.072
0.074
0.064
0.070
0.067
0.097
0.159
0.104
0.077
0.080
0.081
0.081
0.098
0.090
0.073
0.078
0.076
0.106
0.097
0.111
0.097
0.094
0.096
0.074
0.173
0.076

Influence of λcl on charge transfer rates and mobilities

Equation (3.4) with λcl = 0.01 eV is used in this chapter to calculate the full quantum
transfer rates, mobilities, and energy relaxation of electrons and holes in α-NPD,
TCTA, and spiro-DPVBi. We investigate the effect of using different values of λcl in
Fig. 3.5. Figure 3.5(a) and (b) show the room-temperature rates for electron transfer
in α-NPD and TCTA, respectively, for λcl = 0.001 eV (green lines), 0.01 eV (red
lines, same results as in Fig. 3.2(b)), and 0.05 eV (blue lines). Figure 3.5(c) and (d)
show the corresponding room-temperature mobilities as a function of electric field.
While detailed features in the rates clearly depend on the value of λcl , the variations
in the mobilities do not exceed 40% (note that λcl varies by a factor of fifty!). This
shows that the mobilities are quite insensitive to the choice of λcl . The two considered
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cases of electrons in α-NPD and TCTA are the most critical. For the other cases the
mobilities are even less sensitive to the choice of λcl .
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Figure 3.5: (a) and (b) Room-temperature full quantum transfer rates as a function of
energy difference ∆E calculated for electrons in α-NPD and TCTA, respectively, for J = 1
meV. Green lines: λcl = 0.001 eV. Red lines: λcl = 0.01 eV (same as in Fig. 3.2(b)). Blue
lines: λcl = 0.05 eV. (c) and (d) Electron mobilities µ in α-NPD and TCTA, respectively,
as a function of electric field F for the different values of λcl in (a) and (b). The scale of
the vertical axis in the main panels is the same as in Fig. 3.3(a). The insets have a reduced
vertical scale to make the differences visible.
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Chapter 4

Triplet exciton diffusion in
metal-organic phosphorescent
host-guest systems
In Chapter 3 we have looked at the effects of the FGR rate on the charge carrier
mobility and dynamics in commonly used OLED host molecules. The full quantum
FGR rate as a function of the site energy differences (∆E) is very different from the
Marcus and Miller-Abrahams rate for these molecules. In the final charge mobility
of the whole system of molecules we do not see significant differences between the
application of the different rate theories.
In this chapter we apply the same FGR rate to study triplet diffusion between
common phosphorescent emitter molecules. We see that the vibronic coupling for the
triplet transfer in these systems is much stronger than for the charge transfer studied
in Chapter 3. As a consequence, the Marcus theory rate drastically underestimates the
FGR transfer rate. Therefore, the diffusion lengths predicted by the Marcus theory in
these systems are much too short. Additionally, we study the short range Dexter and
long range Förster contributions to the transfer integrals for the triplet transfer. We
find that at realistic guest concentration for OLED application of around 10 mol% the
Förster contributions dominates the transfer integral and diffusion lengths are on the
order of 2 nm. From 30 mol% guest concentration the Dexter contributions starts to
play a role, and the diffusion length increases to around 30 nm for a neat film system
of guest molecules.

This work has been published: X. de Vries, P. Friederich, R. Coehoorn and P. A.
Bobbert, Phys. Rev. B 99, 205201 (2019).
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4.1

Introduction

In phosphorescent organic light-emitting diodes (OLEDs), the emission takes place
from a host-guest blend in which, often iridium-cored, metal-organic emitter molecules
(guests) are incorporated at a small concentration in a host material. In dilute hostguest systems and at low luminance levels, the internal quantum efficiency (IQE) can
be close to 100% [1, 29, 31]. With increasing guest concentration, the photoluminescence efficiency of host-guest systems is often found to decrease [30], leading to a
decrease of the maximum possible IQE of OLEDs. This effect, known as concentration
quenching, is attributed to increased triplet exciton diffusion at high guest concentrations, when transfer between the guests is favored due to shorter distances [24, 52].
Furthermore, at high luminance levels, triplet exciton diffusion enhances the IQE loss
(“roll-off”) that occurs due to triplet-triplet annihilation (TTA) and triplet-polaron
quenching (TPQ) [5, 62, 60, 61, 70, 51, 44, 17, 12, 68, 27, 69, 33].
Triplet exciton diffusion has been extensively studied for purely organic neat-film
materials that are commonly used as a host, as an electron or hole transport layer,
or a fluorescent emissive layer [41, 35, 71, 14, 39]. Due to the long triplet lifetime in
such materials and the small intermolecular distances, the diffusion lengths can be of
the order of 100 nm. The transfer is commonly viewed as a result of a Dexter-type
process [16], with an exponential (exp[−2αR]) distance (R) dependence. Here, α is
an effective inverse triplet exciton wave function decay length. In contrast, the diffusion of triplets between iridium-cored phosphorescent emitter molecules, embedded
at small concentrations in a host-guest blend, is less well understood. Kawamura et
al. have suggested that the triplet diffusion leading to concentration quenching is best
described as a result of a Förster-type dipole-dipole interaction, with an R−6 distance
dependence. For molecules containing a heavy-metal atom such as iridium, which
due to a strong spin-orbit interaction gives rise to a significant admixture of singlet
character in the triplet state, such a mechanism is quantum-mechanically allowed. On
the other hand, Ribierre et al. conclude that concentration quenching follows an exponential Dexter-type distance dependence [52]. Recently, Ligthart et al. have reported
that the enhancement of the efficiency loss due to TTA in a phosphorescent host-guest
system with varying guest concentration can be understood from both mechanisms
[33]. From the latter study, carried out for guest concentrations xg up to 18 mol%, it
follows that triplet exciton diffusion can significantly enhance the efficiency loss due
to TTA for xg larger than approximately 5 mol%.
These experimental studies probe, inevitably, the exciton transfer processes that
give rise to triplet diffusion in an ensemble-averaged manner. The development of a
mechanistic and predictive model that includes the role of the energetic and positional
disorder in the dilute amorphous films and the effect of thermal activation should be
based on a theoretical framework for describing, at the molecular scale, the rate of
exciton transfer between a donor (D) and an acceptor (A) molecule. From studies
of the transfer process by Scholes et al. [56, 57, 26, 58], the donor-acceptor (D-A)
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transfer rate kDA is from a Fermi’s Golden rule approach [57] given by
kDA =

2π 2
J ρFC .
~ DA

(4.1)

Here JDA is the D-A transfer integral, which is dependent on the distance and relative
orientation of the donor and acceptor, and ρFC is the Franck-Condon (FC) weighted
density of vibrational states of the D-A pair. The function ρFC is a sum over all
possible combinations of vibronic transitions, at the donor and acceptor molecules,
P
that satisfy the criterion of energetic resonance: ∆E ≡ EDA∗ − ED∗ A = i ni ~ωi ,
with ∆E the energy difference between the donor and acceptor triplet states, ~ωi
the vibron energy for mode i, and ni the number of excited (ni < 0) or absorbed
(ni > 0) vibrons for that mode. The asterisk indicates whether the donor or acceptor is excited by the presence of the exciton. Importantly, Eq. (1) shows that the
transfer rate can be factorized. The distance dependence of kDA is contained in the
2
, which contains contributions due to Förster-type and Dexter-type coufactor JDA
pling. The temperature and ∆E dependence are contained in ρFC , which contains the
combined contributions of many vibron modes of each molecule. Within simplified
approaches, this factor is approximated using a semi-classical approach to the tripletvibron coupling (Marcus theory [38]), using a quantum-mechanical single-mode approach (Marcus-Levich-Jortner (MLJ) theory [65, 8]), or using the Miller-Abrahams
(MA) theory [42]. For some classes of materials, the validity of these various approaches has been studied theoretically and experimentally [3, 4, 28, 35, 39]. E.g.,
Hoffmann et al. [28] found that the temperature dependence of triplet diffusion in conjugated polymers is best described by Marcus theory, with a transition to MA theory
at lower temperatures. A similar conclusion was drawn by Liu et al. for diffusion
in the disordered fluorescent small-molecule host-guest system consisting of tris(8hydroxyquinolinato) aluminum (Alq3 ) doped with 4-(dicyanomethylene)-2-methyl-6julolidyl-9-enyl-4H-pyran (DCM2) [35]. However, for metal-organic phosphorescent
emitter molecules, it is presently not clear which of these approaches is most accurate,
which type of transfer process (Förster or Dexter) is predominant, and to what extent
information about the detailed diffusion mechanism can be gained by studying the
guest concentration and temperature dependence of the diffusion-related efficiency
loss due to, e.g., concentration quenching or TTA.
Here, we present the results of a first-principles study of the triplet transfer rate
kDA between four iridium-cored metal-organic guest molecules that are used frequently
as phosphorescent emitters in OLEDs and the resulting diffusion lengths in realistic
thin films. The emitter materials studied and their emission colors are
(i) tris[2-phenylpyridinato-C2 ,N]iridium(III)
(Ir(ppy)3 , green),
(ii) bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III) (Ir(ppy)2 (acac), yellow-green),
(iii) bis(2-benzo[b]thiophen-2-ylpyridine)(acetyl-
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acetonate)iridium(III) (Ir(BT)2 (acac), yellow),
(iv) bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) (Ir(MDQ)2 (acac), orange-red).
For all these emitter molecules we studied the thermodynamically most stable isomers. For Ir(ppy)3 this is the facial isomer, for the other three emitters we studied
the trans-N,N isomers. Our study includes the calculation of the triplet transfer
integrals JDA , the FC weighted density of vibrational states ρFC , based on all the
vibron energies and on the triplet-vibron coupling for all modes, and the effects of
energetic and positional disorder on the diffusion coefficient. The triplet energetic
disorder and triplet transfer integrals are calculated for realistic molecular geometries
obtained from a Monte Carlo based simulated annealing algorithm. Two commonly
used host materials are considered: 4,4’-N,N’-dicarbazole-1,1’-biphenyl (CBP) and
tris(4-carbazoyl-9-ylphenyl)amine (TCTA). We show that for guest concentrations
above 10 mol%, Dexter transfer is the dominant diffusion mechanism, whereas for
concentrations around 10 mol%, the relative contributions of Förster and Dexter
transfer depend on the emitter material. Our calculations furthermore show that for
these systems Marcus theory predicts triplet transfer rates that are up to one order
of magnitude too small.

Figure 4.1: Chemical structures of the two host materials (CBP and TCTA) and four
emitter materials (Ir(ppy)3 , Ir(ppy)2 (acac), Ir(BT)2 (acac), Ir(MDQ)2 (acac)) studied in this
chapter.
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The structure of the chapter is as follows. In Section 4.2 we present the ab initio
methods used for calculating the two factors in Eq. (4.1), and the methods used for
obtaining a realistic thin-film morphology with positional and energetic disorder. In
Section 4.3 we present for the four iridium-cored phosphorescent emitters the calculated distance dependence of the triplet transfer rates, interpret these in terms of
the commonly used Förster and Dexter models, and compare a full multi-mode approach with the results of the Marcus, MA and MLJ theory. In Section 4.4, we study
the consequence of using the calculated transfer rates on the diffusion lengths in the
various host-guest systems, incorporating realistic disorder in energy, position, and
orientation of the molecules. Section 4.5 gives a summary and outlook.

4.2

Theoretical methods

In this section we discuss first the theoretical methods that we use to calculate the
D-A transfer integrals (Subsection 4.2.1) and the FC weighted densities of vibrational
states (Subsection 4.2.2). Using Eq. (4.1), this provides the transfer rates for each
specific D-A pair. Subsequently, we discuss how a realistic host-guest morphology is
obtained (Subsection 4.2.3), how the transition dipole moments are calculated (Subsection 4.2.4), and how the guest concentration and temperature dependent diffusion
coefficient is obtained (Subsection 4.2.5).

4.2.1

Triplet transfer integrals

The triplet exciton transfer integral, JDA , consists of a Coulomb and an exchange
contribution [16, 57]. The Coulomb contribution can be approximated well by Förster
theory [21] when the donor-acceptor distance is sufficiently large with respect to the
donor and acceptor molecule size [55]. At guest concentrations used in typical OLEDs
(xg ≤ 10 mol%) this condition is satisfied. The process associated with the exchange
contribution is Dexter transfer [16]. In purely organic molecular materials, triplet
transfer is governed by the Dexter process because the Coulomb contribution to the
transfer integral vanishes due to spin conservation. However, for the iridium-cored
metal-organic emitter molecules considered in this chapter the admixture of singlet
character in triplet exciton states is strong enough to facilitate significant Förster
transfer. Förster theory describes the Coulomb coupling of excitons as a dipole-dipole
interaction [55],
1 κµD µA
,
(4.2)
JDA,Förster =
4π0 r R3
with µD and µA the transition dipole moments of the donor and acceptor molecule,
respectively, 0 the vacuum dielectric permittivity, r the relative dielectric constant
of the host-guest system, and κ an orientational factor given by
~ µA · R).
~
κ=µ
~D · µ
~ A − 3(~
µD · R)(~

(4.3)
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Within first order perturbation theory, the Dexter transfer integral JDA,Dexter
is equal to the direct exchange integral JDA,exchange,d , between the excited donor
(D∗ A) and the excited acceptor (DA∗ ) states. In order to obtain this contribution,
the coupling matrix elements of emitter molecule dimers were calculated using the
Löwdin orthogonalization based on single-molecule Kohn-Sham molecular orbitals and
the Fock and overlap matrix from the molecular dimer [37, 25].
Previous studies have shown that contributions of intermediate charge transfer
(CT) states of the type D+ A− or D− A+ can strongly enhance the transfer integral
for Dexter coupling [57, 67]. We add the contribution of intermediate CT states to
the total transfer integral for Dexter coupling as described in Ref. 67:
JDA,Dexter = JDA,exchange,d


1
1
1 X
−
,
JD,CT JCT,A
+
D
A
2
ECT − ET
ECT − ET
CT states

(4.4)

where the coupling integrals to the CT states are given by JD,CT and JCT,A , and
D
A
the energies of the donor and acceptor triplet and CT states by ET
, ET
and ECT ,
respectively. We show in Section 4.3 that for the iridium-cored emitters studied in this
chapter the CT-state contributions enhance the Dexter transfer integrals significantly.

4.2.2

Vibronic coupling

The FC weighted density of vibrational states ρFC in Eq. (4.1) sums over all possible
combinations of vibrational modes of both molecules that enable the triplet transfer.
The triplet-vibron coupling is often described using Marcus theory, within which the
coupling to vibrational modes is treated semi-classically. The transfer rate is then
2
given by kDA,Marcus = (2π/~)JDA
ρMarcus , with


1
(∆E + λ)2
ρMarcus = √
exp −
,
(4.5)
4λkB T
4πλkB T
where kB is the Boltzmann constant, T the temperature and λ the reorganization
energy. Within a harmonic approximation, the reorganization energy is equal to
a sum over all the vibron mode energies, weighted by their dimensionless coupling
strength Si , the Huang-Rhys parameter:
X
λ=2
Si ~ωi .
(4.6)
i

The factor 2 accounts for the modes of the donor and acceptor molecules, under the
assumption that the mode energies and couplings are the same for both molecules. It
has been recognized by Siders and Marcus [59] that the Marcus theory does not yield
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correct results for the case of strong coupling (Si > 1) to modes with relatively high
energy, i.e., when ~ωi > 0.05 eV, well above kB T at room temperature.
Exciton transfer for coupling to a single high-energy mode is described within the
Marcus-Levich-Jortner (MLJ) theory [65, 8]. Historically, a restriction to a singlemode formulation has often been made in view of the intractable number of degrees
of freedom in ρFC when including combinations of all vibron modes in the molecules.
Another limiting factor is the calculation of the vibron modes and vibron couplings for
medium-sized molecules (∼ 100 atoms). Using modern computational methods and
resources both issues can be tackled. Vibron energies and couplings can be calculated
for large molecules using density functional theory (DFT). Calculating ρFC can be
done by using Monte Carlo sampling techniques [11] or by transforming the problem
to the time domain and numerically calculating the resulting time integral [19, 15].
Here, ρFC is calculated the method developed in Chapter 2. In this method all vibron
energies (~ωi ) and couplings (Si ) are calculated with DFT and ρFC is transformed
into an integral in the time domain that is solved numerically. The integral involves
a broadening parameter (λcl ), which can be physically interpreted as a very small
reorganization contribution that is treated classically. This slightly broadens the
vibronic levels and makes the triplet transfer energetically allowed. In Chapter 3 we
showed that for small values the transfer rate is independent of λcl .
In Figure 4.2, we show ρFC for the case of coupling between identical donor and
acceptor molecules, each with one quantum-mechanically treated vibron mode with
an energy ~ω, and for a combined (donor-acceptor) coupling parameter SDA = 2S.
In panels (a) and (c), the vibron energy is equal to the thermal energy (~ω = kB T ).
In that case, and more generally for ~ω ≤ kB T , Marcus theory provides a good approximation. In panels (b) and (d), the vibron energy is significantly (4×) larger
than the thermal energy so that Marcus theory no longer applies. Panel (d) corresponds to a modest vibronic coupling strength (SDA = 1), which is common for
charges [15]. Panel (b) corresponds to a strong vibronic coupling strength (SDA = 4),
which in Section 4.3 will be shown to be realistically applicable to triplets on the
metal-organic emitter molecules studied in this chapter. The diffusion in a disordered organic material consists of a sequence of transfers between molecules with
random energies, often distributed according to a Gaussian density of states. As
the width (standard deviation σT ) of the density of states is only approximately
0.05 eV, a typical triplet transfer process is expected to occur within the energy range
−0.05 eV < ∆E < +0.05 eV. Panel (d) shows that at a modest vibronic coupling
strength (SDA = 1), the approximate and exact densities of states ρMarcus and ρFC ,
respectively, have very similar values around ∆E = 0. This was found to explain why
charge mobilities calculated using Marcus theory do not differ much from those calculated with a fully quantum-mechanical approach [15]. However, panel (b) shows that
for a strong coupling strength, the quantum-mechanically exact rate is significantly
larger than the Marcus rate. The enhancement is due to nuclear tunneling [10].
The triplet-vibron couplings of the four emitter molecules in Fig. 1 were calculated
using open-shell DFT employing the B3LYP functional [7] and a def2-SVP basis set
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[54], using corresponding effective core potentials as employed in the ORCA [46]
package. The B3LYP functional was chosen because it has been succesfully used
in calculating the lifetimes and triplet energies of iridium cored emitters [43, 18] and
also performs rather well in the calculation of reorganization energies for electrons and
holes [9]. The dimensionless triplet-vibron couplings (Si ) and vibron mode energies
(~ωi ) were obtained from calculations of the Hessians and gradients in the triplet and
ground state geometries, as detailed in Ref. 15 for the case of charges.
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Figure 4.2: Dependence of the FC weighted density of vibrational states, to which the
triplet exciton transfer rate is proportional (see Eq. (1)), on the energy difference ∆E between
the final and initial state, for the case of coupling to a single quantum-mechanical mode with
energy ~ω and with a coupling strength S (SDA = 2S). Panels (a)−(d) give the results for
four combinations of these parameters. The points are prefactors at integer multiples of ~ω
for ∆E of delta-functions in ρFC divided by ~ω. The full lines connect these points. The
dashed curves give the classical Marcus result, obtained from Eqs. (5) and (6).

4.2.3

Calculation of the morphology and energetic disorder

To generate microscopic morphologies, a Metropolis Monte Carlo based simulated
annealing algorithm [47] was used to generate atomistically resolved amorphous samples of the two host and four emitter materials. We generated pure guest and mixed
host-guest morphologies with a guest concentration of 10 mol%. The details of the
method can be found in the appendix.
To obtain distributions of triplet energies of host and guest molecules, we performed DFT-based calculations using the Quantum Patch method [22]. These calculations were performed with open-shell DFT using the Turbomole package [2] with
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the B3LYP functional [7] and def2-SVP basis set [54]. Due to the effect of the environment the energetic disorder is slightly different for the CBP, TCTA and neat film
systems. In the CBP films with 10 mol% emitter, the energetic disorder is 0.058, 0.044,
0.037 and 0.052 eV for Ir(ppy)3 , Ir(ppy)2 (acac), Ir(BT)2 (acac) and Ir(MDQ)2 (acac),
respectively. In the 100 mol% emitter films, the energetic disorder is 0.050, 0.056,
0.032 and 0.066 eV, respectively. Details about the calculation method and triplet
energies and energetic disorder values for TCTA can be found in the appendix.

4.2.4

Transition dipole moments and lifetimes

The transition dipole moments for the different emitter molecules are required in
order to calculate the Förster transfer integrals as given in Eq. (4.2) and to determine
the radiative lifetimes of the triplet excitons. We start with calculating the triplet
energy ET as the difference between the spin-restricted and geometrically relaxed
DFT triplet state energy and the ground state DFT energy, both calculated in the
zeroth order relativistic approximation (ZORA) with scalar relativistic corrections;
see Table 4.1). These energies are quite close to the experimental values [33]. Next,
we calculate with time-dependent DFT (TD-DFT), including spin-orbit coupling in
the ZORA approximation [45], the energy splitting of the three triplet states and their
transition dipole moments in the geometry of the spin-restricted DFT calculations.
In the calculations, the segmented all-electron relativistically controlled (SARC) basis
set for the ZORA method was used for the iridium atom [49]. For the other atoms
the 6-31G basis set was used. In order to describe the effect of the environment, a
conductor-like polarizable continuum model (CPCM) [50] was used with r = 3, close
√
to the relative dielectric constant measured in CBP and TCTA [36, 53], and n = r .
All methods and basis sets are implemented in the ORCA [46] package that was used
for the calculations.
Using the calculated transition dipole moments µi (i = I, II, III), the radiative
lifetime τ of the triplet states can be calculated by [43, 48, 63]

3
1
4 µ2i n2 ET
=
,
τi
3 4π0 ~ ~c

(4.7)

where, because of their small energy splittings, we can take in this expression the
energies of all three triplet states equal to ET . The lifetimes of the three triplet states
are reported in Table 4.1. We assume that transitions between the three triplet states
induced by vibrations occur sufficiently rapidly to establish thermal equilibrium in
the occupations of the three triplet levels before decay of the exciton or transfer to
another molecule. The Boltzmann-averaged effective radiative lifetime then becomes


−1
III-I
II-I
+ τIII
exp −∆E
τI−1 + τII−1 exp −∆E
kB T
kB T
−1


.
(4.8)
τ =
II-I
III-I
1 + exp −∆E
+ exp −∆E
kB T
kB T
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The average triplet lifetimes of the different emitter molecules at 300 K are given
in Table 4.1, together with experimental values [33]. The calculated and experimental values are quite close. The shorter experimental lifetimes for Ir(BT)2 (acac) and
Ir(MDQ)2 (acac) can be attributed to significant non-radiative decay rates in these
molecules: the photoluminescence (PL) efficiencies of Ir(BT)2 (acac) and Ir(MDQ)2 (acac)
are 0.65 [32] and 0.77 [20], respectively, whereas the PL efficiencies of Ir(ppy)3 and
Ir(ppy)2 (acac) are close to 1 [29, 32].
Table 4.1: Calculated triplet energies, triplet level splittings, triplet lifetimes (Eq. (4.7)),
Boltzmann-averaged lifetimes (Eq. (4.8)), and effective transition dipole moments (Eq. (4.9))
for the different emitter molecules. The values in parentheses are obtained from experiments
on the emitters in a TCTA film [33] (the results in a CBP film are almost the same).

ET
∆EII-I ∆EIII-I
(eV)
(meV) (meV)
Ir(ppy)3
2.51(2.43) 14.6
40.6
Ir(ppy)2 (acac)
2.43(2.38) 6.67
25.0
Ir(BT)2 (acac)
2.16(2.23) 3.55
34.4
Ir(MDQ)2 (acac) 2.05(2.05) 8.79
17.5

τI
(µs)
94.8
7.15
60.1
13.1

τII
(µs)
10.4
18.0
284
9.62

τIII
(µs)
0.15
0.35
0.29
0.50

τ
(µs)
1.26(1.22)
1.73(1.38)
2.39(1.31)
1.93(1.65)

µ
(D)
0.540
0.411
0.490
0.474

In order to calculate the Förster transfer integrals we should use Eq. (4.2). Because
the three triplet levels of the emitter molecules can all be thermally occupied (see
above) we need, in principle, to average the Förster transfer integrals over all possible
transitions from the three levels of the donor to the three levels of the acceptor
molecule. Taking into account all the transitions between the triplet levels would
involve an average over 9 different Förster transfer integrals. However, we can readily
see from Table 4.1 that most of these contributions will be small, since for each
molecule the lifetime of the highest triplet state (TIII ) is at least 20 times smaller than
the other lifetimes. Since the lifetime is proportional to the square of the transition
dipole moment, the strongest Förster transfer integral contribution is at least 20 times
larger than the other contributions. To avoid having to sum over all transitions,
and having to take all the correlations in orientations of the molecules into account,
we therefore only take the donor TIII to acceptor TIII Förster transfer integral into
account . This assumption leads to an error in the transfer rate of at most 15% (for
Ir(MDQ)2 (acac)), which is on the order of the diffusion length error bars (see Section
4.4). The Förster contribution to the triplet transfer rate should then be Boltzmannweighted by the occupation of the highest triplet level. Since the rate is proportional
to the fourth power of the transition dipole (assuming that µD = µA ) we take as
effective transition dipole moment

 14

III-I
exp −∆E
kB T

 µIII .
(4.9)
µ=
II-I
III-I
1 + exp −∆E
+ exp −∆E
kB T
kB T
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These transition dipole are given in the last column of Table 4.1.

4.2.5

Calculation of the diffusion length

Calculations of the guest concentration dependence of the triplet exciton diffusion
length, LD , are carried out for each of the eight host-guest systems and four pure guest
sytems studied. For that purpose, we perform random walker kinetic Monte Carlo
(KMC) simulations in a simulation box of 50×50×50 nm3 with periodic boundary
conditions, with a morphology obtained using the morphology expansion method
discussed in the appendix. Each emitter molecule in the box is assigned a triplet
energy drawn from a Gaussian density of states with a standard deviation σT (see
Subsection 4.2.3), a randomly chosen orientation, and the transition dipole moment
given in Table 4.1. For each emitter pair, the transfer rate is obtained using Eq.
2
(1), with the squared transfer integrals (JDA
= (JDexter + JFörster )2 ) and the FC
weighted density of vibrational states ρFC calculated from the energies, distances,
orientations, and transition dipole moments of the molecules in the box. After that,
the random walk of a triplet exciton, introduced at a randomly chosen position, is
followed throughout the simulation, until the exciton decays. After each decay a new
triplet exciton is introduced, until a sufficient level of statistical accuracy is obtained.
From diffusion theory, the probability (P ) distribution of diffusion distances in the
positive or negative x directions is for ordered systems given by


1
|x|
P (|x|) =
exp −
,
(4.10)
2LD,1D
LD,1D
with LD the one-dimensional diffusion length. For disordered molecular systems that
contain a certain fraction of strongly isolated sites from which no diffusion takes place,
such as the host-guest systems studied in this chapter, it is not correct anymore to
obtain the diffusion length from the root-mean-square displacement [13]. However,
P (|x|) is still proportional to exp(−|x|/LD ). We therefore define LD as the average
of the values obtained from the exponential decrease of the emission profiles in the
positive and negative x, y, and z directions. In order to obtain the three-dimensional
√
diffusion length, we multiply the one-dimensional diffusion length by a factor
√ 3, so
that the diffusion lengths reported are obtained from Eq. (4.10) and LD = 3LD,1D .

4.3
4.3.1

Results
Transfer integrals

Figures 4.3(a) and 4.3(b) show for neat (100 mol% emitter) films of Ir(ppy)3 ,
Ir(ppy)2 (acac), Ir(BT)2 (acac), and Ir(MDQ)2 (acac) the calculated center-of-mass distance (R) dependence of the absolute values of the squared transfer integrals, for
Förster-type and Dexter-type coupling, respectively. The full white curves in Fig.
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4.3(a) indicate the R−6 distance dependence of the decay expected for Förster-type
transfer. The dashed lines in Fig. 4.3(b) indicate the exponential (exp[−2αR]) decay
expected for Dexter-type transfer, for α = 10 nm−1 . Figure 4.3(b) shows that for
intermolecular distances larger than 1.5 nm the transfer integrals for Förster transfer
are for all emitters much larger than those for Dexter transfer. The molecular density
of the films is around 1.4 nm−3 . In neat films, the average nearest-neighbor distance is therefore below 1 nm, so that Dexter transfer is then the dominant diffusion
mechanism. This will be confirmed in Section 4.4.
Transfer integrals have also been calculated for 10 mol% films with a CBP and
TCTA host (see appendix, A.3). The transfer integrals are comparable to those of
the 100% systems, although the statistics is less good. At a 10% guest concentration,
the average emitter-emitter separation is approximately 2 nm. One could therefore
expect that Förster transfer is then the dominant diffusion mechanism. However, we
will show in Section 4.4 that as a result of the randomness of the spatial distribution
of emitter sites, leading locally to much shorter distances between the emitters, the
Dexter transfer contribution is then still significant.
Figure 4.3(b) also shows the significance of the CT-state contributions described
in Eq. (4.4). Including the CT-state coupling enhances the Dexter transfer integrals
by at least two orders of magnitude. The resulting effect on the diffusion length
will be discussed in Section 4.4. For Ir(MDQ)2 (acac), the Dexter-coupling extends
over a larger distance than for the other emitters considered. The difference can be
attributed to the larger molecular size of this emitter.
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Figure 4.3: (a) Squared Förster transfer integrals for triplet excitons as a function of the
center-of-mass distance between two emitter molecules, calculated for 100 mol% films of the
four emitter materials studied in this chapter. The Förster transfer integrals were obtained by
generating random orientations of the molecules. The white solid line shows the result for a
squared orientational factor κ2 = hκ2 i = 2/3. The y-axis to the right shows the rate kDA for a
transfer with equal D and A triplet energies. (b) Squared Dexter transfer integrals for triplet
excitons. The shaded circles show the result when neglecting the CT-state contribution in
Eq. (4.4). The dashed line indicates the transfer integral decrease expected in the case of an
exponential exp(−2αR) distance dependence, with α = 10 nm−1 . The y-axis to the right
shows the rate kDA for a transfer with equal D and A triplet energies. The white solid line
shows the same result as in (a).
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4.3.2

Vibronic coupling and energy dependence of the transfer
rate

Figure 4.4(a) shows for the emitter molecules studied in this chapter the cumulative
triplet-vibron coupling strength. Each step in the figure, at a vibron energy ~ωi ,
gives the contribution λi = Si ~ωi of mode i to the total reorganization energy per
molecule. The figure shows that the four emitters can be separated into two groups.
For Ir(ppy)2 (acac) and Ir(MDQ)2 (acac), vibron modes with energies around 25 meV
already contribute to about half of the total reorganization energy per molecule. In
contrast, for Ir(BT)2 (acac) and Ir(ppy)3 , the high-energy vibrons that are due to
C−C bond stretching, from 125 meV to 200 meV, contribute most. Furthermore, the
total reorganization energy is significantly larger for Ir(BT)2 (acac) and Ir(ppy)3 than
for Ir(ppy)2 (acac) and Ir(MDQ)2 (acac).
The contribution of low-energy modes, below 0.025 eV, is for all four emitters
found to be very small. In contrast, modes with such low energies were found to
contribute strongly to the electron-vibron and hole-vibron coupling for the purely
organic materials NPB, TCTA and spiro-DPVBi [15].
Figure 4.4(b) (full curves) shows for each of the materials studied in this chapter the energy (∆E) dependence of the triplet transfer rate for the case of Förster
transfer at 300 K between two molecules at a distance of 1 nm, averaged over all
combinations of relative molecular orientations (i.e., based on the transfer integral
given by the white solid curve in Fig. 4.3(a)). We note that the transfer integral is
not dependent on the energy difference between D and A, so that the ∆E dependence
is equal for Förster and Dexter transfer. The short-dashed curves give, for comparison, the rates obtained fromP
Marcus theory using the total reorganization energy for
the transfer process, λ = 2 i λi . The differences between the two groups of emitters, mentioned earlier, are evident. While the triplet transfer rate for Ir(ppy)2 (acac)
and Ir(MDQ)2 (acac) is reasonably approximated by the Marcus rate (the deviation
at ∆E = 0 is approximately a factor of two), the Marcus theory underestimates
for Ir(BT)2 (acac) and Ir(ppy)3 the rate by about one order of magnitude. At lower
temperatures, the underestimation by the Marcus theory is for all iridium emitters
even more pronounced. At 150 K, the underestimation by the Marcus rate is one
order of magnitude for Ir(ppy)2 (acac) and Ir(MDQ)2 (acac) and almost three orders
of magnitude for Ir(BT)2 (acac) and Ir(ppy)3 (see appendix, A.5). This shows that
nuclear tunneling, which for charges is often only at low temperatures of importance
[15], is for triplet excitons already significant at room temperatures, in particular
when strongly coupled high-energy modes are involved, such as for Ir(BT)2 (acac) and
Ir(ppy)3 . Treating these modes classically, instead of quantum-mechanically, leads to
a strong underestimation of the transfer rate.
Figure 4.4(b) also shows that for all systems studied the transfer rate is a smooth
function of the energy difference ∆E between the final and initial states. This is due
to the multi-mode nature of the triplet transfer process, as would already be expected
from Fig. 4.4(a). We note that for electron or hole hopping in purely organic systems,

4.3. Results

81

the rate was in some cases found to be determined predominantly by a single vibron
mode, leading to an oscillatory component in the dependence on ∆E [15].
The ∆E dependence of the transfer rate is quite insensitive to the detailed contributions of individual modes. Actually, it is possible to describe the transfer as a
result of coupling with a single (effective) high-energy mode, combined with coupling
to a continuum of lower-energy modes. Application of the single-mode MLJ theory,
with a Boltzmann factor added for ∆E > 0 in order to satisfy detailed balance, then
leads to an effective FC weighted vibrational density of states


exp(−Seff )
∆E ln(Seff )
1
 exp
ρFC,eff (∆E) =
~ωeff Γ ∆E/~ωeff + 1
~ωeff
(4.11)


∆E + |∆E|
exp −
,
2kB T
corresponding to a vibronic coupling with a strength Seff to a single mode with an
energy ~ωeff . The two effective parameters, Seff and ~ωeff , are obtained from a fit of
ρFC,eff (∆E) to P
the ab initio function ρFC (∆E), under the constraint that Seff ~ωeff =
λ, with λ = 2 i Si ~ωi the total reorganization energy. For the studied emitters,
these parameters are given in Table 4.2. We note that Seff contains the contributions
from both molecules, and that the value Seff /2 per molecule is not simply equal to
the ratio of the first and second vibronic emission peaks because of to the multimode nature of the triplet-vibron coupling. This means that the effective parameters
introduced in Eq. (4.11) can not straightforwardly be obtained from emission spectra
of the emitter molecules.
Figure 4.4(b) (long-dashed curves) shows that this approximation agrees well with
the ab initio result. A first benefit of deriving the effective parameters ~ωeff and Seff is
that from their value the location of the transfer process in the diagram shown in Fig.
1 may be quantified. Secondly, the approximation provides a convenient method for
describing the rate using a compact expression that may be readily used in, e.g., KMC
device simulations. We note that the effective parameters are temperature dependent,
as may be seen from Table 4.2. At lower temperature, the quantized nature of ever
lower energy modes must be included, so that ~ωeff becomes smaller. Seff becomes
then larger, as the product Seff ~ωeff remains equal to the (temperature independent)
reorganization energy λ. The overall effect is a predicted decrease of the transfer rate
with decreasing temperature, as may be seen from the one but last column in Table
4.2 for the case of transfer with ∆E = 0. However, the temperature dependence is
much weaker than that following from Marcus theory (Eq. (4.5)).
Similar to our finding that for commonly used iridium-cored metal-organic phosphorescent emitters the triplet-vibron coupling is strong (Seff  1), theoretical work
by Pabst et al. has revealed that also for purely organic materials used in organic
electronic devices the triplet reorganization energies are high (0.6 - 0.8 eV per D-A
pair), and at least twice as large as those for electrons and holes (0.2 - 0.4 eV per
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D-A pair) [34, 23]. The authors found that the triplet wave functions are considerably more localized on the molecules than the single electron or hole wave functions.
Highly localized triplet wave functions lead to strong C−C bond distortions, resulting
in a strong coupling with the corresponding high-energy vibrons. We find a similar
trend in the case of the phosphorescent iridium molecules studied in this chapter. For
Ir(ppy)3 and Ir(BT)2 (acac), the triplet wave function extends over the iridium core
and one of the ligands, while for Ir(ppy)2 (acac) and Ir(MDQ)2 (acac), the triplet wave
function extends over the iridium core and both of the ppy or MDQ ligands. The
different degrees of delocalization are reflected in the triplet reorganization energy,
which is lower for Ir(ppy)2 (acac) and Ir(MDQ)2 (acac), with smaller contributions
from the C−C vibrons; see Fig. 4.4(a). Plots of the triplet wave functions are given
in the appendix (A.4).
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Figure 4.4: (a) Cumulative vibronic coupling energy per molecule as a function of the vibron
energy for Ir(ppy)2 (acac) (light green), Ir(BT)2 (acac) (orange), Ir(ppy)3 (dark green), and
Ir(MDQ)2 (acac) (red). (b) Quantum-mechanical multi-mode rate (full curve), single-mode
approximation (Eq. (4.11), dashed curve), and Marcus rate (Eq. (4.5), dotted curve) of triplet
transfer for the four investigated emitters at 300 K. The Förster coupling given by Eq. (4.2)
was used for two molecules at 1 nm center-of-mass distance, with r = 3, µD = µA = µ from
Table 4.1, and κ2 = 2/3.

4.3.3

Förster radius

In analyses of experiments probing Förster transfer, the effective (ensemble-averaged)
rate is conventionally expressed as
1
kFörster (R) =
τ



RF
R

6
,

(4.12)

with τ the lifetime of the exciton at the donor and RF the so-called Förster radius.
At the microscopic level, the distribution of D-A transfer integrals and D-A triplet
energy differences leads to a distribution of pair-specific Förster radii. The Förster
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Table 4.2: Total reorganization energy λ for D-A transfer between the investigated emitters,
and effective vibron energy ~ωeff and triplet-vibron coupling strength Seff at 300 K|150 K
that provide with ρFC,eff from Eq. (4.11) a best fit to the ab initio FC weighted vibrational
density of states ρFC that enters Eq. (1). The one but last column gives ρFC,eff for ∆E = 0.
The last column gives the Förster radius RF,0 for transfer with ∆E = 0 from Eq. (4.13) at
300 K.

Ir(ppy)3
Ir(ppy)2 (acac)
Ir(BT)2 (acac)
Ir(MDQ)2 (acac)

λ
(eV)
0.524
0.336
0.535
0.246

~ωeff
(eV)
0.135|0.123
0.085|0.061
0.133|0.127
0.083|0.063

Seff
3.88|4.26
3.95|5.51
4.02|4.22
2.96|3.91

ρFC,eff,0
(eV−1 )
0.153|0.115
0.226|0.066
0.134|0.116
0.624|0.318

RF,0
(nm)
1.29
1.22
1.31
1.60

radius for transfer between molecules for which ∆E = 0 may from Eqs. (4.1), (4.2),
(4.11), and (4.12) be written as
RF,0 (κ) ∼
=



κ2 µ4 τ exp(−Seff )
8π20 2r ~
~ωeff

1/6
.

(4.13)

The Förster radii RF,0 calculated with Eq. (4.13) are reported in Table 4.2. These
Förster radii are calculated at room temperature for κ2 = hκ2 i = 2/3 (the isotropic
orientation value [55]). The values for µ and ET are obtained from Table 4.1, and
the values of ~ωeff and Seff from Table 4.2. For Ir(ppy)3 , the value of RF,0 = 1.29
nm is slightly smaller than the Förster radii of 1.4 nm and 1.8 nm that were deduced
by Kawamura et al. [30] from concentration quenching and spectral overlap measurements, respectively. For Ir(Btp)2 (acac), the same experimental studies yielded
Förster radii of 0.8 nm for a concentration quenching study, and 1.5 nm for a spectral overlap measurement, whereas we find a value of RF,0 = 1.31 nm for the similar
molecule Ir(BT)2 (acac). The calculated values of the Förster radius for ∆E = 0 do
not include the effects of energetic relaxation in the triplet density of states. These
effects can be important because in diffusion experiments and spectral overlap measurements relaxation plays a role. The role of relaxation in diffusion will be studied
in the next section.

4.3.4

Dexter rate

The Dexter transfer rate is often expressed as
kDexter (R) = k0 exp(−2αR),

(4.14)
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where α is the wave function attenuation parameter and R is the D-A distance.
The prefactor k0 includes the vibronic factor ρFC discussed previously and a transfer
integral contribution that is extrapolated to R = 0. In Eq. (4.14), the orientations of
the donor and acceptor molecules are not taken into account. Previous results have
shown that the triplet transfer integral is highly dependent on orientation [67]. This
is confirmed by our calculations. At a fixed distance, the squared transfer integrals
shown in Fig. 4.3(b) show a value spread of many orders of magnitude. Between
0.8 to 1.5 nm the disorder in the squared transfer integrals is much stronger than the
distance dependence. Above 1.5 nm the coupling decreases rapidly, which implies that
Dexter transfer with R > 1.5 nm practically does not occur. For the case of Dexter
transfer we therefore expect diffusion over significant distances only for average guestguest distances smaller than 1.5 nm. In the next section we will look at the emitter
concentration dependence of the diffusion process and show that this is indeed the
case.

4.4
4.4.1

Diffusion length − concentration and temperature dependence
KMC simulations for a realistic morphology

Figure 4.5(a) shows the results of calculations of the triplet diffusion lengths for CBP
films with 10 mol% of Ir(ppy)3 , Ir(ppy)2 (acac), Ir(BT)2 (acac), and Ir(MDQ)2 (acac),
obtained using KMC simulations for a realistic morphology. The diffusion lengths taking into account Dexter and Förster transfer (“full”) vary from 1.5 - 2.5 nm. Consistent
with these small values, which are on the order of the nearest-neighbor to next-nearestneighbour distance, we find that many triplets introduced in the system do not diffuse
but decay radiatively on the molecule at which they have been generated. The figure
also gives the results when including only Dexter transfer (JDA = JDexter ) and only
Förster transfer (JDA = JFörster ). In all cases the Dexter-only values are about a
factor of two smaller than the Förster-only contributions. This can be explained by
the fact that at 10 mol% the average guest-guest distance is on the order of 2 nm. As
can be seen from Fig. 4.3, the squared Förster transfer integrals dominate over the
Dexter transfer integrals at distances larger than 1.5 nm. The diffusion lengths with
combined Dexter and Förster couplings are only slightly longer than the largest of
the Dexter-only or Förster-only diffusion lengths. This can be explained by the fact
that the Dexter and Förster D-A couplings can both enhance or diminish each other,
depending on the relative sign of the transfer integrals.
Figure 4.5(a) also shows that the Marcus theory approximation to ρFC underestimates the diffusion length in all the emitter systems. However, the effect is not
as large as might be expected from the transfer rates shown in Fig. 4.4(b), where
at ∆E = 0 an order of magnitude difference was found between the transfer rates
obtained with the full theory for ρFC and within the framework of Marcus theory. We
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ascribe this to the very wide distribution of the transfer integrals (see Figs. 4.3(a) and
4.3(b)), in combination with the relatively small probability that (in these 10 mol%
films) an exciton diffuses before decaying radiatively. The diffusion process often involves at most a single, already quite improbable, transfer process. The effect of a
change of the transfer rate by one order of magnitude is therefore relatively small.
The results for the 100 mol% films are shown in Fig. 4.5(b). In these neat film
systems, the strong short-range Dexter coupling between nearest-neighbor molecules
is the dominant process. For nearest-neighbor transfer, the squared Dexter coupling
is up to four orders of magnitude larger than the squared Förster coupling. Förster
coupling contributes therefore only little to the triplet transfer. As the diffusion length
is in this case a result of many transfer steps, the difference between the full theory
and Marcus theory is larger than for the 10 mol% films, in particular for Ir(ppy)3 and
Ir(BT)2 (acac).

4.4. Diffusion length − concentration and temperature dependence
10 mol% in CBP

100 mol%

(a)

(b)

Average guest-guest distance daverage (nm)

Diffusion length LD (nm)

(c)
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Emitter concentration (mol%)

Figure 4.5: Triplet diffusion lengths at room temperature for (a) 10 mol% and (b) 100 mol%
films of the four emitter materials studied in this chapter, obtained from KMC simulations
for a realistic morphology. A comparison is made between results obtained using Dexteronly (JDA = JDexter ), Förster-only (JDA = JFörster ), and full (JDA = JDexter + JFörster )
transfer integrals. The Marcus result shows the effect of taking JDA = JDexter + JFörster
and using the semi-classical Marcus expression ρMarcus (Eq. (4.5)) instead of ρFC . The
FC weighted density of vibrational states (ρFC ) has been calculated with all the vibron
contributions. The numerical uncertainty is indicated by the thin black error bars. (c)
Concentration dependence of the triplet diffusion length calculated with Dexter (triangles),
Förster (squares) and combined (circles) transfer integrals for the four emitter molecules in
CBP. The average guest-guest distance is defined as daverage ≡ (cemitter × n)−1/3 with n the
molecular density of the film.
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Figure 4.5(c) shows the emitter concentration dependence of the diffusion length,
for Dexter-only, Förster-only and combined transfer. In the 2 − 10 mol% range, the
Förster contribution is dominant or at least comparable with the Dexter contribution.
Above approximately 30 mol%, depending on the system, the Dexter contribution is
largest.

4.4.2

Diffusion on a simple cubic lattice

In the absence of detailed structural information, the actual thin film morphology is
in KMC simulations of OLEDs often replaced by a simple cubic (sc) lattice [40, 66]. In
such simulations, the ∆E dependence of exciton transfer is usually described by the
Miller-Abrahams (MA) theory, which does not require molecule-specific knowledge of
the vibron spectra and the exciton-vibron interaction strength. The molecule-specific
parameters that lead to the transfer integrals (JDA ) and the FC weighted density of
vibrational states (ρFC ), discussed in this chapter, are often unknown. Information
about the exciton transfer rate can be obtained from dedicated experiments probing
the effect of diffusion on the efficiency loss due to, e.g., quenching at defects or due to
TTA. It is therefore of interest to compare the Förster radii that would follow from
a KMC analysis of experiments probing triplet diffusion when assuming a sc lattice
and thermally activated exciton transfer as described using the MA model, with the
values that follow from assuming diffusion in the actual morphology and thermally
activated transfer as described using the model presented in this chapter.
We consider a sc lattice with a lattice constant of 1 nm, containing 10 mol%
of randomly dispersed guest molecules, assuming σT = 0.05 eV. Within the MA
model, the transfer rate is given by k = kFörster exp[−(∆E + |∆E|)/(2kB T )], with
kFörster = (1/τ )(RF /R)6 . We note that the diffusion length does not depend on τ .
The simulations are carried out for T = 300 K. Figure 4.6 (open circles) gives the
dependence of the diffusion length on RF . The colored squares give for the four emitter
molecules the diffusion length and the Förster radii calculated at ∆E = 0 (see Section
4.3.3.) for the real morphology and using the full model for the dependence of the
transfer rate on ∆E, developed in this chapter. For all emitters, the description using
a sc lattice and the MA model requires the use a larger value of RF than using the
realistic morphology and the full model for the rates. The Förster radii that, using
the sc lattice and the MA approximation, yield the best fit to the actual diffusion
lengths are approximately 1.5 nm for Ir(ppy)3 , Ir(ppy)2 (acac) and Ir(BT)2 (acac),
and 2.0 nm for Ir(MDQ)2 (acac). The difference is due to neglecting the spatial and
orientational disorder, and the use of MA theory instead of the FC weighted density
of vibrational states. The latter effect is found to have the largest impact. That may
be seen from the diamond symbols in Fig. 4.6, which show simulation results for a
real morphology and Förster couplings but with a MA-type vibronic factor (ρMA =
ρFC,eff,0 exp[−(∆E + |∆E|)/(2kB T )]). The importance of using the full model for the
rates can be understood from Fig. 4.4(b), which shows that within the full model
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energetically downward transfer is favored considerably. This effect is not present in
the MA rate.

Figure 4.6: Results of KMC simulations of the triplet diffusion length for Förster-type
emitter-emitter transfer as a function of Förster radius in 10 mol% emitter systems at room
temperature. Colored squares: results for realistic morphologies of the four emitters embedded in CBP using the full model for the Förster transfer. The Förster radii on the x-axis are
obtained from Table 4.2 (RF,0 ). Colored diamonds: the same, but with a MA-type vibronic
factor ρMA = ρFC,eff,0 exp[−(∆E + |∆E|)/(2kB T )], with ρFC,eff,0 from Table 4.2. Open circles connected by a curve that serves as a guide to the eye: results for a simple cubic (sc)
lattice and triplet energy disorder σT = 0.05 eV using Eq. (4.12) and the MA model for the
energy dependence of the transfer: k = (1/τ )(RF /R)6 exp[−(∆E + |∆E|)/(2kB T )]. Unless
otherwise indicated, the uncertainties are equal to the symbol size.

4.5

Summary and conclusion

We have developed an ab initio model for triplet exciton diffusion due to intermolecular transfer in four phosphorescent emitters that are commonly used in OLEDs:
Ir(ppy)3 , Ir(ppy)2 (acac), Ir(BT)2 (acac), and Ir(MDQ)2 (acac). Our study includes
neat films and 10 mol% films formed by the commonly used host materials CBP and
TCTA, containing these emitters as a guest. The triplet transfer rates and the resulting diffusion lengths are expressed as a sum of Förster and Dexter contributions,
and are calculated for realistic morphologies. The effects of positional, orientational
and energetic disorder are thus included. The molecular reorganization process that
occurs upon triplet transfer is described by taking the coupling of triplet states with
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all intramolecular vibron modes into account, by expressing the rate in terms of the
full Franck-Condon weighted density of vibrational states (ρFC ).
Due to the various types of disorder, the Förster and Dexter transfer integrals show
both, for a given donor-acceptor distance, a wide distribution. On average, the Förster
transfer integrals are larger for an average guest-guest distance above approximately
1.5 nm (20−30 mol%). The Dexter transfer integrals, which are enhanced by at least
two orders of magnitude due to coupling via intermediate charge-transfer states, are
strongest for average guest-guest distances smaller than 1.5 nm. Each of the four iridium emitters has its own unique vibron spectrum, with associated vibron couplings.
These spectra lead in all cases studied to a dependence of the triplet transfer rate on
the difference between the final and initial triplet state energies that deviates strongly
from the often-used Miller-Abrahams model. Furthermore, for some cases (Ir(ppy)3
and Ir(BT)2 (acac)) the transfer rate is enhanced by an order of magnitude or more
as compared to the semi-classical Marcus theory.
In the 10 mol% films, the average diffusion lengths are small, close to the average
intermolecular distance of around 1.5 nm. Many triplets then do not diffuse before
decaying. At this concentration, Förster transfer is the predominant mechanism for
all systems studied. In contrast, for 100 mol% emitter films the calculated diffusion
length increases to 15−30 nm. Above 30−40 mol% Dexter transfer is the dominant
mechanism, and the Förster contribution becomes unimportant. For Ir(ppy)3 and
Ir(BT)2 (acac), Marcus theory underestimates the diffusion length then by a factor of
2−3.
Finally, we have “translated” the results of our study to KMC simulations assuming
a simple cubic lattice and assuming thermally activated exciton transfer as described
within the Miller-Abrahams theory, as is commonly done in OLED device simulations.
We find that a description of Förster-type diffusion leading to the same diffusion
length as obtained from our ab initio study would require the use of Förster radii of
approximately 1.5 nm for Ir(ppy)3 , Ir(ppy)2 (acac) and Ir(BT)2 (acac), and 2.0 nm for
Ir(MDQ)2 (acac). These values are 0.2−0.4 nm larger than obtained within our full
theory. The difference is mainly due to the use of the Miller-Abrahams rate, which
does not account for the favoring of transfers down in energy as in the full theory.
This chapter unveils the importance of molecule-specific parameters, such as transfer integrals, energetic disorder and triplet-vibron couplings, in the calculation of
triplet diffusion in host-guest systems. Although many different stable and functional
iridium-cored phosphorescent emitters have been discovered [64], the molecular parameters determining the transfer rates between these molecules have long remained
unknown. The calculational method presented in this chapter is expected to support
exploring novel routes towards engineering triplet-vibron coupling in order to increase
or decrease triplet diffusion.
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Appendix
A.1

Morphology expansion

To generate atomistically resolved amorphous morphologies, the film formation process was simulated by depositing molecules individually on a substrate, followed by
relaxation of the molecular positions and orientations using a Metropolis Monte Carlo
based simulated annealing algorithm (DEPOSIT code, [47]). We generated pure host,
pure guest and mixed host-guest morphologies with a mixing ratio of 10 mol%. During
the vapor deposition simulations, single molecules are added sequentially to the simulation box. Each molecule undergoes a series of 10 simulated annealing cycles with
140,000 Monte Carlo steps per cycle. In each cycle the molecule is cooled down from
4000 K to room temperature. After deposition, the atomic positions are fixed and
added to the growing thin film that acts as the substrate for the next molecules. We
use periodic boundary conditions in the x- and y-directions, which are perpendicular
to the growth (z-) direction. The force field used in the deposition simulations contains
intermolecular Lennard-Jones and electrostatic interactions as well as intramolecular
dihedral degrees of freedom, which are parameterized using density functional theory
(DFT) calculations (B3-LYP/def2-SV(P) level of theory). Atomic partial charges and
equilibrium geometries are obtained using the same level of theory.
These growth simulations lead to mesoscopic morphologies consisting of ∼1000
molecules. Each morphology is characterized by a radial distribution function (RDF,
the normalized probability density of finding a neighbor molecule at a certain (centerof-mass) distance) and a nearest-neighbor distribution function (NNDF, the probability of finding the first nearest-neighbor within a given distance). In order to scale
up to larger simulation boxes (∼50×50×50 nm) we attempted to use the method of
Ref. 6. However, we were not able to reproduce the shape of the RDF with this
method. We attribute this to the fact that the microscopic morphologies are relatively well ordered. The high first peak in the RDF (see the next section) suggests a
hard-sphere packing like morphology. Such a morphology is hard to reproduce using
the method of Ref. 6. We therefore use an alternative method, more attuned to a
hard-sphere system as described in the chapter 2.
The optimized parameter sets {µr , σr } that are obtained from this procedure,
applied to 100% films of the emitter molecules, are given in Table 4.3. For the 10
mol% films, with CBP as the host material, the 100 mol% morphologies were diluted
such that the density of emitter molecules matches the density of emitter molecules
in the 10 mol% microscopic morphologies. The same procedure was followed for 10
mol% with TCTA as the host material, except for Ir(MDQ)2 (acac) in TCTA. For that
case, the match with the microscopic morphology was found to be nonsatisfactory. A
satisfactory match was found by using in that case the parameters µr = 0.6 nm and
σr = 0.13 nm.
The method is used to generate 50 × 50 × 50 nm3 simulation boxes of mesoscopic
morphologies. The film densities are chosen such that they reproduce the average
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layer density of the microscopic morphologies generated using the DEPOSIT software. The average layer density is chosen because of the open boundary condition
in the film growth (z) direction. The radial distribution functions (RDF) and the
nearest neighbour distribution functions (NNDF) of the generated mesoscopic morphologies are in good agreement with the distribution functions of the microscopic
morphologies. Figures 4.7, 4.8, and 4.9 provide for the four emitters studied in this
chapter a comparison of the mesoscopic RDFs and NNDFs (red) with the results obtained from the microscopic morphologies generated with the DEPOSIT code (blue)
for the neat (100 mol%) films and the films with 10 mol% emitters in CBP and in
TCTA, respectively.
Table 4.3: Normal distribution parameters used for generating the mesoscopic morphologies
of the 100 mol% phosphorescent emitter films.

Ir(ppy)3
Ir(ppy)2 (acac)
Ir(BT)2 (acac)
Ir(MDQ)2 (acac)

µr
(nm)
0.61
0.52
0.60
0.38

σr
(nm)
0.09
0.11
0.10
0.19
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Figure 4.7: Radial distribution function (RDF) and nearest-neighbor distribution function
(NNDF) of mesoscopic neat film morphologies generated by the method described in the
previous section (red), and microscopic morphologies generated using the DEPOSIT code
(blue).

94

Chapter 4. Triplet exciton diffusion in metal-organic phosphorescent host-guest
systems
10 mol% emitter in CBP

Figure 4.8: Radial distribution function (RDF) and nearest-neighbor distribution function
(NNDF) of mesoscopic morphologies of films with 10 mol% emitter in CBP generated by
the method described in the previous section (red), and microscopic morphologies generated
using the DEPOSIT code (blue).
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10 mol% emitter in TCTA

Figure 4.9: Radial distribution function (RDF) and nearest-neighbor distribution function
(NNDF) of mesoscopic morphologies of films with 10 mol% emitter in TCTA generated by
the method described in the previous section (red), and microscopic morphologies generated
using the DEPOSIT code (blue).

A.2

Triplet energies and energetic disorder

To obtain distributions of triplet energies of host and guest molecules, we performed
DFT-based calculations using the Quantum Patch method [22]. The mean and
width of the triplet energy distribution depends on the conformational variability
of molecules in the amorphous thin films as well as on the electrostatic interaction
between the molecules. Conformational reorganization of excited molecules in the
triplet state occurs on a fs to ps timescale, whereas typical residence times of a triplet
exciton on a molecule are much longer (∼ 1 µs). To account for the reorganization
effect on the triplet energy distribution, we iteratively and self-consistently optimized
the geometry of randomly selected molecules in the center of the morphologies, including steric interaction effects between the molecules, using DFT calculations of single
molecules embedded in atom-centered pseudo-potentials modelling their respective
environment. The triplet energies used for the kinetic Monte Carlo simulations of the
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triplet diffusion were obtained using the total energy difference between the emitter
molecules in their stucturally relaxed triplet state and in their structurally relaxed
ground state. The triplet energetic disorder values (σT ) are calculated by fitting a
Gaussian function to a sample of emitter molecule triplet energies. Because of the effect of the environment the energetic disorder is slightly different for the CBP, TCTA
and neat film systems. Triplet energies and energetic disorder values are reported in
Table 4.4.
Table 4.4: Calculated triplet energies (ET ) and energetic disorder (σT ) for films with 10
mol% emitter in CBP and TCTA, and the neat 100 mol% films. The calculations were
performed using the embedded DFT method described in the text. The energetic disorder
has been determined from a sample of 50 emitter molecules for the neat films and 25 emitter
molecules for the CBP and TCTA films.

Ir(ppy)3
Ir(ppy)2 (acac)
Ir(BT)2 (acac)
Ir(MDQ)2 (acac)

A.3

10 mol% in 10 mol% in
100 mol%
CBP
TCTA
ET
σT
ET
σT
ET
σT
(eV) (eV) (eV) (eV) (eV) (eV)
2.62 0.058 2.60 0.044 2.60 0.050
2.52 0.044 2.51 0.045 2.51 0.056
2.31 0.037 2.31 0.036 2.29 0.032
2.23 0.052 2.23 0.076 2.20 0.066

Dexter transfer integrals for 10 mol% emitters in CBP
and TCTA

The Dexter transfer integrals shown in the main text are calculated for emitter
molecule pairs in a neat film morphology. Figure 4.10 displays the transfer integrals as calculated in the 10 mol% films, with CBP and TCTA hosts. Their values
are found to be essentially identical to those for the neat films, albeit that the statistics is low. For that reason, the analyses given in the main text are based on the
results obtained for neat films.
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Figure 4.10: Squared Dexter transfer integrals as a function of the center-of-mass distance
between two emitters. Light-colored circles show the values for the 100 mol% films. The
dark-colored circles with black (blue) edges give values calculated for films containing 10
mol% emitter in CBP (TCTA). The right vertical axis indicates the transfer rate over a 1
nm distance between donor and acceptor molecules with equal triplet energies.

A.4

Triplet wave functions

Figure 4.11 shows the triplet wavefunctions for the four emitter molecules. The calculations have been performed with open shell DFT with a def2-SVP basis set using
the ORCA package [46], on triplet state optimized geometries. For Ir(ppy)3 and
Ir(BT)2 (acac), the wave functions are localized on the iridium core atom and a single
ligand. For Ir(ppy)2 (acac) and Ir(MDQ)2 (acac), the wave functions are spread out
over the core and both ligands. The difference in localization of the triplet wavefunctions can explain the strong coupling constants related to C−C vibrational modes for
Ir(ppy)3 and Ir(BT)2 (acac), where the structure of the ligand on which the triplet
resides is more strongly distorted due to the presence of the triplet. The opposite is
true for Ir(ppy)2 (acac) and Ir(MDQ)2 (acac), where the distortion is spread out over
both ligands.
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Figure 4.11: For each of the four emitters the molecular structure is plotted with (bottom)
and without (top) the triplet orbitals. In the red (blue) colored regions the electron charge
density is smaller (larger) than for the same molecular configuration molecule in the ground
state. For the three acac emitters the acac-group has been rotated backwards in order to
show more clearly the charge density distribution on the other ligands.
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Energy dependence of the triplet transfer rate at 150 K

Figure 4.12 (full curves) shows for each of the emitters studied in this chapter the
energy (∆E) dependence of the triplet transfer rate for the case of Förster transfer at
150 K between two molecules at a distance of 1 nm, averaged over all combinations of
the relative molecular orientations. From the figure it is clear that the Marcus theory
drastically underestimates the rates at 150 K. The rapid decrease of the Marcus rate
with temperature comes from the exponential temperature dependence in this rate
(see Eq. (5) in the main text). The ab-initio calculated ρFC does not have this
exponential temperature dependence because many of the vibron modes that couple
strongly to the transfer are already in the quantum-mechanical tunneling regime. This
weakened temperature dependence due to nuclear tunneling also occurs for charges
at temperatures below room temperature [10].

Figure 4.12: Quantum-mechanical multi-mode rate (full curve), single-mode approximation
(Eq. (11) in the main text with parameters from Table II), and Marcus rate (dotted curve,
Eq. (5) in the main text) of triplet transfer for the four investigated emitters at 150 K. The
Förster coupling given by Eq. (2) in the main text was used for two molecules at 1 nm
center-of-mass distance, with r = 3, µ from Table I in the main text, and κ = 2/3.
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A.6

Diffusion length – 10 mol% emitters in TCTA

In Figure 4.13 the diffusion lengths at room temperature obtained from KMC simulations for 10 mol% of the four emitters in TCTA are shown. The absolute values
and the relative contributions from Förster and Dexter transfer are quite similar to
those for 10 mol% of the emitters in CBP, shown in Fig. 5(a) of the main text.

Figure 4.13: Triplet diffusion lengths at room temperature for 10 mol% films of the four
emitters studied in this chapter in TCTA, obtained from KMC simulations for a realistic
morphology and using a FC weighted vibrational density of states ρFC that contains all
vibronic contributions. A comparison is made between results obtained using Dexter-only
(JDA = JDexter ), Förster-only (JDA = JFörster ) and full (JDA = JDexter + JFörster ) transfer
integrals. The numerical uncertainty is indicated by the thin black error bars.
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Chapter 5

Exciton transfer between
metal-organic phosphorescent
dyes
In Chapter 4 we have investigated exciton diffusion in realistic phosphorescent hostguest systems for OLED application. We applied the Fermi’s Golden Rule (FGR)
transfer rate to calculate exciton transfer rates. For the calculation of the transfer integrals the short-range Dexter and long-range Förster contributions were included. We
found that at guest concentrations common in OLED host-guest systems the Förster
contribution to the transfer integral is dominant.
In this chapter we will again use FGR to calculate transfer rates between phosphorescent dyes. However, we will now look at exothermic transfer, e.g. transfer
from a blue to a green dye. Understanding such transfers is vital for developing white
OLEDs. In these white OLEDs, the transfer between different dyes is employed to
generate emission from different colors in order to obtain white light. We apply the
FGR to calculate Förster radii for more than 80 different donor-acceptor pairs of
phosphorescent emitters. It is found that a small exothermicity partially overcomes
the spectral Stokes shift, enhancing the fraction of resonant donor-acceptor pair states
and thus enhancing the transfer rate. We show that a second enhancement mechanism sets in and can become significant when the exothermicity becomes larger than the
Stokes shift, viz. transfer to multiple higher excited states of the acceptor molecules.
Within the large set of systems studied, the Förster radius therefore tends to increase
monotonically with increasing exothermicity, from around 1 nm to almost 4 nm.
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Introduction

In modern-day OLEDs, the transfer of excitons plays a crucial role. Fast exciton
transfer can enhance exciton quenching and can lead to an increased efficiency rolloff at high luminance levels. In phosphorescent OLEDs, triplet diffusion affects
the rate of triplet-polaron quenching (TPQ) and triplet-triplet annihilation (TTA)
[1, 46, 44, 45, 60, 36, 30, 11, 5, 57, 15, 59, 26]. However, the transfer of excitons can
also be used to enhance the device efficiency and to simplify the device architecture.
This is often referred to as exciton management. Studies on phosphorescent OLEDs
showed that the generation of an exciton on a green emitter followed by the transfer
to a red emitter can enhance the device efficiency and lifetime [27, 3]. An explanation for this observation is that the fast transfer to the red emitter ensures a low
exciton population on the green emitter sites, which decreases the likelihood of the
exciton quenching processes mentioned above. Exciton transfer is also used in OLEDs
containing phosphorescent sensitizer molecules, from which excitons are transfered to
fluorescent emitter molecules [14], or in OLEDs in which molecules showing thermally
activated delayed fluorescence (TADF) act as sensitizers of fluorescent emitters (hyperfluorescence, [13]). Furthermore, exciton management is used to simplify white
OLED device architectures. To obtain white light a multi-layer device is used in
which excitons are mostly generated in the blue emissive layer. Subsequently, the
excitons are transferred to adjacent green and red emitter layers to ensure emission
from all three colors [19, 6, 43, 53, 55, 20, 4]. The process of tuning the layer thicknesses and emitter concentrations in such a device is crucial to ensure the right color
balance to generate white light [50, 38, 9, 4, 17]. The use of computational OLED
design can dramatically reduce the costs of this process. It has been shown that such
computational design is actually feasible given the right mechanistic input parameters [29]. Theoretical studies on exciton transfer often focus on intramolecular Förster
transfer in biological systems and polymers [41, 39, 24]. In such cases Förster transfer is in competition with “through-bond” Dexter transfer processes, since there is
strong exciton-exciton wave function overlap. In contrast, in OLEDs based on smallmolecule materials, intermolecular transfer is the most relevant transfer process. In
a previous study we have shown that in host-guest systems often used in OLEDs,
with guest concentrations of about 10 mol% or less, Förster transfer is the dominant
process [52].
Here, we demonstrate how the Förster transfer rate between different phosphorescent emitters can be calculated, thereby providing a method that will allow rapid
screening of new emitter molecules for favorable exciton transfer properties. The
dipole-dipole type interaction leads to an R−6 distance (R) dependence of the donoracceptor (D-A) transfer rate, which may be expressed as
kDA =

1
τD



RF
R

6
,

(5.1)
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with τD the emissive lifetime of the donor molecule. The Förster radius RF contains
the effects of the donor and acceptor orientations, the acceptor transition dipole moment and the donor-acceptor spectral overlap [12]. The spectral overlap depends on
the broadening of all excited states due to the coupling to molecular vibrations and
includes the overlap with higher excited states of the acceptor molecule. In ab initio calculations of the transfer rate both effects must be included. Previous studies
have shown how to include the coupling of the individual intramolecular vibrations
(vibrons) to the exciton transfer [42, 2]. However, most of these studies have focused
on applications to crystalline molecular semiconductors and polymer systems [2, 47].
To our knowledge, the inclusion of the vibronic couplings in the exothermic transfer
for molecules relevant to OLED applications has not been demonstrated. Exciton
transfer to energetically higher excited states is usually not important in the case
of transfer between like molecules [58, 54], but needs to be included in the case of
exothermic transfer when the donor emission energy is significantly higher than the
first excited state of the acceptor. Higher excited states can then be the primary
acceptor states.
In general, we expect the exothermic exciton transfer rate to be enhanced with
respect to that for isoenergetic transfer. The reason for this is twofold, as schematically depicted in Fig. 5.1. Firstly, the donor and acceptor Stokes shift, which in the
case of isoenergetic transfer reduces the rate, is in the case of exothermic transfer at
least partially overcome by the additional energy available (Fig. 5.1(a)). Secondly,
an enhancement is expected when the first excited state of the donor is in resonance
with energetically higher excited states of the acceptor (Fig. 5.1(b)). For the phosphorescent iridium-cored emitters studied in this chapter many of these higher excited
states are expected to carry more singlet character than the three almost degenerate
low-energy triplet type states. They have therefore larger transition dipole moments,
leading to a large contribution to the Förster rate.
In the method for calculating the Förster radius that is presented in this chapter, we include the vibrational coupling in a manner as demonstrated in the previous
chapter for the case of isoenergetic transfer. In order to properly include the higher
excited states, we include now also the spin-orbit interaction. We apply the method to
84 combinations of the following 14 iridium-cored phosphorescent emitters commonly
used in OLEDs:
[1] f ac-Ir(pmp)3 : iridium(III)tris-(N -phenyl,N -methyl-pyridoimidazol-2-yl),
[2] mer-Ir(pmp)3 : iridium(III)tris-(N -phenyl,N -methyl-pyridoimidazol-2-yl),
0

[3] FIrpic: iridium(III)bis[(4,6-difluorophenyl)-pyridinato-N ,C 2 ]picolinate,
[4] FIr6: iridium(III)bis(4,6-difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate,
[5] f ac-Ir(ppy)3 : iridium(III)fac-tris(2-phenylpyridine),
[6] Ir(ppy)2 (acac): iridium(III)bis(2-phenylpyridine)(acetylacetonate),
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[7] Ir(dpo)2 (acac): iridium(III)bis(2,4-diphenyl-oxazolato-1,3-N,C 2’)(acetylacetonate),
[8] Ir(BZQ)2 (acac): iridium(III)bis(benzo[h]quinolinato-N,C 2’)(acetylacetonate),
[9] Ir(npy)2 (acac): iridium(III)bis[2-(2-naphthyl)-pyridine](acetylacetonate),
[10] Ir(BT)2 (acac): iridium(III)bis(2-phenyl benzothio-zolato-N,C 2’)(acetylacetonate),
[11] Ir(MDQ)2 (acac): iridium(III)bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate),
[12] Ir(BTP)2 (acac): iridium(III)bis(2-(2’-benzothienyl)pyridinato-N,C 3’)(acetylacetonate),
[13] Ir(piq)3 : iridium(III)tris(1-phenylisoquinoline),
[14] NIr: iridium(III)bis(1-pyrenyl-isoquinolinato-N,C’)(acetylacetonate).

The emitters have been listed in the order of descending triplet energy, from 2.97 eV
for f ac-Ir(pmp)3 down to 1.72 eV for NIr (literature values, see Table 5.1). Our study
thus spans the entire optical range, and includes emitters close to the near-ultraviolet
and in the near-infrared. The molecular structures are shown in Fig. 5.2(a).
The structure of this chapter is as follows. In Section 5.2, we discuss the development of an expression for the Förster transfer rate from the transition dipole
moments and the Franck-Condon weighted density of states (FCWD), including the
vibronic couplings, and the method for deducing the FCWD from time-dependent
density functional theory (TD-DFT) calculations. In Section 5.3 we present the calculational results, including triplet energies and lifetimes for each emitter, and the
Förster transfer radii for each emitter pair considered. Where possible, we compare
the calculated values to measured literature data. Section 5.4 contains a summary
and the outlook.
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Figure 5.1: Schematic depiction of the exothermic Förster transfer mechanism studied in
this chapter. Transfer to emitters with lower emission energy is expected to be enhanced by
the fact that: (a) The lowest-energy states for emission and absorption, which are predominantly of triplet character (TI-III ), are in resonance due to the Stokes shifts of the donor
and acceptor molecules. (b) The excitation can be transferred to energetically higher lying
excited acceptor states (Sn ), which in the case of the iridium emitters are expected to contain
more singlet character.

5.2
5.2.1

Theoretical method
Förster transfer rate

The Förster transfer rate between a pair of donor and acceptor states is given by
kDA =

2π 2
J ρFC (∆EDA ).
~ DA

(5.2)

Here, JDA is the transfer integral, given by
JDA =

1 κµD µA
,
4π0 r R3

(5.3)
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with 0 the vacuum dielectric permittivity, r the relative dielectric constant, κ an
orientational factor, and µD and µA the transition dipole moments of the donor and
acceptor states, respectively [41]. In Eq. (2), ρFC is the Franck-Condon weighted
density of vibrational states (FCWD), which is a sum over all possible combinations of
vibronic transitions of the donor molecule and the acceptor molecule. The calculation
of ρFC will be discussed in Subsection 5.2.3 ∆EDA is the energy difference between
the first excited donor and acceptor states (the “exothermicity”).
In principle, exciton transfer can occur from any excited state of the donor to any
excited state of the acceptor. The transfer rate between two molecules should therefore
be expressed as a sum over all combinations of excited states of the donor molecule,
Di , and excited states of the acceptor molecule, Aj , weighted by the occupational
probability of the donor excited state, pDi :
kDA =

X

pDi kDi Aj =

i,j

X
i,j

with
Jij =

p Di

2π 2
J ρFC,ij (∆Eij ),
~ ij

1 κij µDi µAj
,
4π0 r
R3

(5.4)

(5.5)

and
∆Eij = EDi − EAj .

(5.6)

For the phosphorescent donor molecules discussed in this chapter, we need to consider
in practice only the first three excited states (the first triplet manifold). The energetic separation between these states is at room temperature smaller than or close
to kB T , while separation with other states is often much larger than kB T . The total
occupational probability of these first three excited donor states is therefore often
very close to 1, so that the i-summation in Eq. (5.4) can be restricted to these states.
For Förster transfer between identical molecules, the terms in the j-sum in Eq. (5.4)
will quickly become negligibly small because transfer to the higher excited states of
the acceptor molecule requires that ∆Eij < 0. Such endothermic transfer is unlikely
because the ρFC,ij factor in Eq. (5.4) scales with exp(∆Eij /kB T ) for ∆Eij < 0 and
the rate therefore decreases exponentially.
Combining Eq. (5.4) with Eq. (5.5), we obtain
kDA =

1
hκ2 i X
2π
pDi µ2Di µ2Aj ρFC,ij (∆Eij ).
~ (4π0 r )2 R6 i,j

(5.7)

The relative dielectric constant r will be taken equal to 3, which is close to values for
common OLED host materials [28, 31, 40]. The orientational factor κij appearing in
Eq. (5.5) depends on the respective orientations of the transition dipole moments on
the donor and acceptor molecule. In this chapter, we will assume random orientations,
leading to κ2ij = hκ2 i = 2/3. By combining Eqs. (5.1) and (5.7) we obtain the following
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expression for the Förster radius:
1/6
2
X
2π
τ
hκ
i
D
pDi µ2Di µ2Aj ρFC,ij (∆Eij ) .
RF = 
~ (4π0 r )2 i,j


(5.8)

In the case of exothermic Förster transfer from a donor excited state that is energetically significantly higher than the acceptor excited state, for example in the
case of transfer from green to red emitter molecules, many of the terms in the sum
of Eq. (5.4) involving higher acceptor excited states contribute significantly. That
implies that in order to calculate the Förster transfer rate we need to calculate the
transition dipole moments of the higher excited states of the acceptor molecule. In
the case of iridium-cored emitters the higher excited states have more singlet character because they lie closer in energy to the pure singlet state that would be obtained
in the absence of the spin-orbit interaction. As a result, these states have stronger
transition dipole moments.

5.2.2

DFT calculations

The excited state energies and transition dipole moments are calculated using TDDFT including spin-orbit coupling in the zeroth-order regular approximation (ZORA)
to the Dirac equation. The calculations for the donor molecules are done in the spinrestricted DFT triplet geometry, while the calculations for the acceptor are done in the
DFT ground state geometry. All calculations have been performed with the B3LYP
functional, a segmented all-electron relativistically controlled (SARC) basis set for the
iridium atom and the 6-31G basis set for the other atoms. For the DFT calculations
the scalar relativistic ZORA correction was included. All methods are available in
the ORCA package [33, 35, 34].

5.2.3

Vibronic coupling

We calculate the Franck-Condon weighted density of states (FCWD, ρFC,ij ), which
describes the effect of vibrational transitions on the exciton transfer rate from a state
Di to a state Aj , using the displaced harmonic oscillator model and the parallel mode
approximation [2, 32, 8]. In this model, we assume that the normal mode coordinates
of the final excitonic state are shifted with respect to the normal mode coordinates
in the initial excitonic state.
As a first step, the normal mode displacement vector in mass-weighted coordinates
(K) has been calculated as explained in detail in section A.1 of the Appendix. Subsequently, these vectors are used to obtain the donor vibronic coupling parameters
(λni ) and acceptor vibronic coupling parameters (λmj ):
λ ni =

1 2 2
1 2 2
Kni ωni and λmj = Km
ωmj ,
j
2
2

(5.9)
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where ωni is the vibron frequency of mode ni of excited state i of the donor and ωmj
is the vibron frequency of mode mj of excited state j of the acceptor. The FCWD
ρF C,ij involves the coupling of the exciton to the vibron modes of excited state i of
the donor and vibron modes of excited state j of the acceptor. We use a time integral
to evaluate ρFC,ij at ∆Eij :
Z ∞
1
exp(i∆Eij t)ρFC,ij (t)dt,
(5.10)
ρFC,ij (∆Eij ) =
2π~ −∞
with
ρFC,ij (t) = IDi (t)IAj (t),
where we have factorized ρF C,ij (t) into a donor contribution


X
Kn2i ωni
h
i
h
i ,
IDi (t) = exp−i
ωni t
ωni (t+i/kB T )
cot
−
cot
ni
2
2
and an acceptor contribution

IAj (t) = exp−i


2
ω
Km
m
j
j
hω ti
h ω (t+i/k T ) i .
mj
B
mj
cot 2
− cot
2

X
mj

(5.11)

(5.12)

(5.13)

Equations (5.12) and (5.13) are more compact forms of the equations derived in
Chapter 2, based on the work by Souza et al. [7]. Using the convolution theorem we
can also write Eq. (5.10) as the overlap of the emission spectrum of excited state i of
the donor and the absorption spectrum of excited state j of the acceptor:
Z ∞
ρFC,ij (∆Eij ) =
IDi (E)IAj (E)dE,
(5.14)
−∞

with ∆Eij = EDi − EAj , where
1
IDi (E) =
2π~

Z

1
2π~

Z

and
IAj (E) =

5.2.4

∞

exp[i(EDi − E)t]IDi (t)dt,

(5.15)



exp i(E − EAj )t IAj (t)dt.

(5.16)

−∞
∞

−∞

Excited state energies and transition dipole spectra

The excited state energies of the molecules are calculated with TD-DFT for the ground
state molecular geometry. These energies are the “vertical” excitation energies, E vert ,
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and are not corrected for the geometrical relaxation that happens in the excited state.
We calculate these relaxation corrections, the reorganization energies
X
X
λDi =
λni and λAj =
λmj
(5.17)
ni

mj

for the donor and acceptor molecules, respectively, using the vibronic couplings and
vibron mode energies as obtained in the last subsection. The adiabatic (geometrically
relaxed) excitation energies are then given by
adia
vert
adia
vert
ED
= ED
+ λDi and EA
= EA
− λAj .
i
i
j
j

(5.18)

In the calculation of the Förster transfer rate we only consider the first three triplet
energies of the donor (see Subsection 5.2.1). The triplet energy of the donor is taken
to be the lowest triplet level of the triplet manifold (ET = ED1 ). No significant change
of the final results would be obtained when selecting one of the two other states as
the reference level, because the three triplets lie very close together. For the acceptor
excited states we consider all excitations up to 3.1 eV, this is 0.35 eV higher than the
triplet energy of the f ac-Ir(pmp)3 which has the highest emission energy at 2.76 eV.
Additionally, we consider only excited states with transition dipole moments larger
than 1% of the sum over all excited state transition dipole moments. This limits the
computational effort with a negligible loss of accuracy.
In order to see how the various excited states of the acceptor contribute to the
transfer rate we construct vibrationally broadened squared transition dipole spectra
of the donor and the acceptor, defined by
X
X
µ2D (E) =
pDi µ2Di IDi (E) and µ2A =
µ2Aj IAj (E).
(5.19)
i

j

Combining Eqs. (5.14) and (5.19) we obtain
X
i,j

pDi µ2Di µ2Aj ρFC,ij (∆Eij )

Z

∞

=

µ2D (E)µ2A (E)dE.

(5.20)

−∞

The integral on the right hand side of this equation is the determining factor in
the Förster transfer rate, as can be seen from Eq. (5.7). It involves the strengths
of the excited state transition dipole moments, which strongly influence the size of
the Förster transfer rate. The broadening of the vibrational excited states, given
by IDi (E) and IAj (E), ensures energetic overlap between the excited states when
the donor and acceptor states are not in exact resonance (∆Eij 6= 0). In general,
the variation of the Förster transfer rate with ∆Eij decreases when the vibrational
broadening increases.
In Eq. (5.20) we have compressed all important molecular details involving the
transfer into the separate donor and acceptor spectra. This allows for convenient
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calculation of the Förster rates for many different donor and acceptor combinations.
In Section A.2 in the Appendix we provide the squared transition dipole spectra
for all of the 14 emitter molecules studied in this chapter. These can then be used
to calculate the donor-acceptor transfer rate between any combination of emitter
molecules. In the next section we show these spectra and their overlap for a selection
of donor-acceptor combinations.

5.3
5.3.1

Results
Triplet energies and lifetimes

The calculated triplet energies are reported in Table 5.1 and are compared with the
experimental values from the literature in Fig. 5.2(b). The comparison with the
experimental values shows that in most cases the excitation energy is underestimated
by about 0.1 - 0.2 eV. We note that the calculations refer to the gas-phase triplet
energies, whereas the experimental values are obtained from thin-film studies. Thinfilm embedding, in a polarizable environment, reduces the triplet energy. The absolute
error of the gas-phase calculations is thus larger than is apparent from the figure. At
least part of the error can be explained from the fact that the B3LYP functional
underestimates excitation energies [22]. To our knowledge there is no detailed study
of the effect on the excitation energies of different DFT functionals using the spinorbit coupling method employed in this chapter. The systematic underestimation
disappears when we look at the donor-acceptor energy difference. This is convenient,
because it is this energy difference that determines the magnitude of the Förster
transfer rate. The lifetimes of the individual triplet states are calculated using the
Strickler-Berg expression [49]:
 3
4 µ2i r Ei
1
=
with i = 1, 2, 3.
τi
3 4π0 ~ ~c

(5.21)

The lifetime of excitons in the low-energy triplet manifold is calculated assuming a
Boltzmann distribution over the three triplet states.

5.3.2

Förster radii

From Eqs. (5.8) and (5.20) it follows that the Förster transfer rate is proportional to
the overlap of the spectra of the squared donor and acceptor transition dipole moments
µ2D (E) and µ2A (E), respectively. The transition dipole moment spectra follow from
Eq. (5.19). As an example, Figs. 5.3(a) and (b) show the spectral overlap for the green
and blue emitters Ir(ppy)3 and f ac-Ir(pmp)3 , respectively, combined with Ir(ppy)3 ,
Ir(dpo)2 acac, Ir(MDQ)2 acac and NIr as acceptor molecules. These four acceptor
molecules follow a trend of decreasing triplet energy. The figure indeed shows that
the acceptor spectra are red-shifted.
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Figure 5.2: (a) Structural formulas of the iridium cored emitters studied in this chapter. From left to right and top to bottom: Ir(pmp)3 , FIrpic, FIr6, Ir(ppy)3 , Ir(ppy)2 acac,
Ir(BZQ)2 acac, Ir(BT)2 acac, Ir(dpo)2 acac, Ir(npy)2 acac, Ir(MDQ)2 acac, Ir(BTP)2 acac,
Ir(piq)3 and NIr. (b) Calculated triplet energies using the TD-DFT method outlined in
the text versus the experimental triplet energies reported in the literature. The symbol
colors of indicate the emission colors, which range from the infrared to the deep blue. The
exp
calc
dashed line indicates ET
= ET
. The numerical values are reported in Table 5.1.
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calc
Table 5.1: Calculated triplet energies ET
and lifetimes τ calc as described in the previous
exp
sections, compared to the experimental values from the literature, ET
and τ exp . The
calculated lifetimes and the experimental lifetimes indicated with an asterisk refer to the
radiative lifetime. Otherwise, the experimental lifetimes refer to the effective lifetime, which
is in general smaller than the radiative lifetime, due to non-radiative decay.

calc
ET
(eV)
f ac-Ir(pmp)3 2.76
mer-Ir(pmp)3 2.55
FIrpic
2.48
FIr6
2.47
Ir(ppy)3
2.31
Ir(ppy)2 acac
2.31
Ir(BZQ)2 acac 2.16
Ir(BT)2 acac
2.12
Ir(dpo)2 acac
2.08
Ir(npy)2 acac
2.00
Ir(MDQ)2 acac 1.95
Ir(BTP)2 acac 1.88
Ir(piq)3
1.81
NIr
1.50

exp
ET
(eV)
2.9723
2.7023
2.7016
2.7255
2.4326
2.3826
2.2610
2.2326
2.2621
2.2625
2.0526
2.0318
1.9837
1.7256

τ calc
(µs)
0.81
0.55
2.10
2.10
1.62
2.10
1.43
2.49
5.16
7.85
0.90
9.09
0.77
5.24

τ exp
(µs)
1.623,*
1.023,*
1.216,*
2.255
1.218,26,*
1.426
4.510
1.326
3.021
9.025
1.726
10.818,*
1.137
-
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Figure 5.3: Squared transition dipole moment spectra for eight selected donor-acceptor
pairs. Panels (a) and (b) show the Ir(ppy)3 and f ac-Ir(pmp)3 donor spectrum, respectively,
with the Ir(ppy)3 , Ir(dpo)2 acac, Ir(MDQ)2 acac and NIr acceptor spectra. Each panel also
gives the Förster radius for the exciton transfer in the donor-acceptor system depicted.

In Fig. 5.3(a), the overlap of the donor and acceptor spectra increases due to
an increasing acceptor red-shift. As expected, this leads to a monotonic increase of
the Förster radius. However, in Fig. 5.3(b), the Förster radius no longer increases
monotonically with increasing exothermicity: the Förster radius for transfer from
f ac-Ir(pmp)3 to Ir(MDQ)2 (acac) is smaller than for transfer to Ir(dpo)2 (acac). From
the figure, it can be seen that this is due to unfavorable overlap for the case of transfer
to Ir(MDQ)2 (acac). For transfer to the near-infrared emitter NIr, the rate is again
enhanced, due to favorable overlap with higher excited states.
A comparison between Figs. 5.3(a) and (b) shows that an increase of exothermicity
tends to give rise to an increase of the Förster radius. However, these figures also
shows that this is not a general rule, as is evident from the larger Förster radius
for the transfer from Ir(ppy)3 to Ir(MDQ)2 (acac) (2.67 nm versus 2.54 nm). Again,
this is due to the less favorable spectral overlap for the blue-red f ac-Ir(pmp)3 –
Ir(MDQ)2 (acac) donor-acceptor pair.
The Förster radius of 2.67 nm for the Ir(ppy)3 to Ir(MDQ)2 (acac) transfer is
shorter than reported by Steinbacher et al. [48], who find a value of around 3 – 3.5
nm. However, the experiments done by Steinbacher are performed in PMMA, which
has a relative dielectric constant of r = 2, instead of the value of r = 3 we choose
in our calculations. From our calculations, we obtain for r = 2 a Förster radius of
3.06 nm, which is within the interval obtained in Ref. 48.
Figure 5.4 shows a scatter plot of the Förster transfer radii for the 84 donoracceptor pairs investigated in this chapter. The plot shows a significant spread, which
is due to the molecule-specific overlap between the donor and acceptor spectra as
shown in Fig. 5.3.
The Förster radii close to ∆E = 0, which corresponds to Förster transfer between
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like emitter molecules, have values of 0.7 – 1.5 nm, in accordance with values reported
by Kawamura et al. [18]. The initial increase in Förster radius in the range ∆E = 0 –
0.15 eV, as indicated by (a) in Fig. 5.4, can be explained from the mechanism shown
in Fig. 5.1(a). At exothermic transfer larger than approximately 0.15 eV, the excess
energy is sufficient to overcome the Stokes shift. The Förster radius then increases in
general further, as indicated by (b) in Fig. 5.4, due to overlap of the donor states with
energetically higher excited states of the acceptor, as depicted in Fig. 5.1(b). For the
largest exothermicity considered in this chapter (f ac-Ir(pmp)3 to NIr transfer), the
Förster radius approaches a value of almost 4 nm. In Fig. 5.7 of the SI, similar graphs
are given for systems with Gaussian excitonic disorder, characterized by standard
deviations of 0.05 and 0.10 eV. We find that such disorder has only a marginal effect
on the Förster radius, except when RF is very small (< 1 nm) as a result of poor
spectral overlap. In those cases the disorder increases the spectral overlap, leading to
a significant increase in RF .
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Figure 5.4: Overview of the calculated Förster radius versus donor-acceptor energy difference for the 84 systems included in this study. Every point in the graph represents a transfer
process from a donor (triangle) to an acceptor (circle), with emission colors as indicated.
The ∆E-regions indicated in the top part of the figure ((a) and (b)) indicate the mechanism
(see Fig. 5.1) by which the exothermicity enhances RF . Section A.3 of the Appendix contains
a numerical overview of all data points, and Fig. 5.6 gives separate Förster transfer graphs
for every donor molecule considered.

In the Förster rate formula Eq. (5.1), the donor lifetime enters separately from
the Förster radius. This means that the variation in the Förster radii is only due to
the different transition dipole moments of the acceptor excited states. Because the
vibronic couplings broaden the spectra, their contribution is expected to smooth out
the variation of the Förster radii for different ∆EDA . The magnitude of the transition
dipole moments of the excited states is determined by two factors. Firstly, by the
magnitude of the pure singlet transition dipole moments of the emitter molecules.
Secondly, by the strength of the spin-orbit coupling, which mixes the singlet and
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triplet excited states. It is known that excited states with more metal-ligand-chargetransfer (MLCT) character have stronger spin-orbit coupling than those with more
ligand-centered (LC) character [51]. In general, it can be seen that higher excited
states have larger transition dipole moments. This can be attributed to the increased
singlet character of energetically higher-lying excitations.

5.4. Summary and outlook

5.4

125

Summary and outlook

In this chapter we investigated the exothermic Förster transfer between 14 different
phosphorescent emitters commonly used in OLEDs. We have developed a rate expression that includes the coupling of multiple excited states of the donor and acceptor,
which is necessary to correctly describe the transfer process. Quantitative predictions
of energies, lifetimes and Förster radii for the different emitters and donor-acceptor
transfer are given. In accordance with experimental work we find that the exothermic transfer is enhanced with respect to the isoenergetic transfer. This enhancement
was explained by two effects. Firstly, the excess energy in the exothermic transfer
compensates for the Stokes shift of the donor and acceptor energy levels. Secondly,
at sufficient excess energy, the energetically higher excited states of the acceptor are
accessible in the transfer, which further enhances the transfer rate.
The rate expression and calculations performed in this chapter can serve as input
for device models that include energetic, spatial and orientational disorder. This
paves the way for in silico design and optimization of, for example, white OLED
device structures [19, 6, 43, 53, 55, 20, 4] and TADF sensitizer OLED architectures
[13, 14]. For the emitters studied in this chapter, we have provided the squared
transition dipole moment spectra. The overlap of these spectra can be numerically
integrated to yield Förster radii for all the emitter combinations. These results can
then be directly applied in OLED device simulations.
We have shown how the Förster radius for exciton transfer is sensitively determined
by the electronic and vibronic interactions that determine the nature of the excitonic
states on the emitter molecules. Designing novel phosphorescent emitters for improved
exciton management in OLEDs, i.e. for more favorable exciton transfer, will thus
require better understanding and tuning of the structural motifs that affect these
interactions.
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Appendix
A.1

Calculation of vibronic couplings

The normal mode displacement vector in mass-weighted coordinates of the donor
molecules (K) is obtained from the Hessian (H) and the energy gradient (ḡ), as
calculated in the spin-restricted DFT triplet geometry, as follows
K = −H−1 ḡ.

(5.22)

For the acceptor molecules, the displacement vector K(0) of the pure singlet and
triplet states (without inclusion of spin-orbit coupling) is obtained using TD-DFT as
implemented in the ORCA package, which uses the augmented Hessian approach [7].
This approach is found to be more stable for the acceptor excited states than the
quasi-Newton method used for the donor molecules. The effect of spin-orbit coupling
in the normal mode components Kni of the displacement vector is included by
X
(0)
K ni =
cm
(5.23)
i Knm ,
m

where cm
i are the expansion coefficients of excited state i with spin-orbit coupling in
the basis of excited states m without spin-orbit coupling.
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Donor and acceptor spectra

Figure 5.5 shows the normalized squared transition dipole moment spectra of the dye
molecules included in this chapter, acting as donor or acceptor.

Figure 5.5: Normalized squared transition dipole moment spectra of the dyes, acting as
donor (left) and acceptor (right).

A.3

Numerical and graphical Förster radii overview

Table 5.2 contains the calculated Förster radii for donor-acceptor transfer, for all 84
combinations of dyes for which this transfer is possible. The results are graphically
shown in Fig. 5.4 in the main text. Figure 5.6 shows the Förster radii of the 84
combinations, plotted separately per dye that can act as donor.
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Table 5.2: Förster radii for transfer between dyes, acting as donor (rows) and acceptor
(columns). No energetic disorder is assumed and κ2ij = hκi2 = 0.67. The values are displayed
graphically in Fig. 5.4 in the main text.

RF [nm]

mer-Ir(pmp)3
FIrpic
FIr6

Ir(ppy)3

Ir(ppy)2 acac

Ir(BZQ)2 acac

Ir(BT)2 acac

Ir(dpo)2 acac

Ir(npy)2 acac

Ir(MDQ)2 acac

Ir(BTP)2 acac

Ir(piq)3

NIr

Ir(BT)2 acac

Ir(BZQ)2 acac

Ir(ppy)2 acac

Ir(ppy)3

FIr6

FIrpic

mer-Ir(pmp)3

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1.361 0.672 1.426 2.627 1.653 2.733 2.881

1.376 1.399 0.804 1.473 2.729 1.689 2.799 3.028

1.606 2.057 1.883 1.653 2.114 2.651 1.667 2.611 2.774

1.271 1.582 2.120 1.904 1.671 2.228 2.666 1.644 2.654 2.797

1.467 2.448 2.264 2.393 2.448 2.463 2.426 2.426 2.132 3.009 2.989

1.397 1.409 2.238 2.209 2.449 2.333 2.271 2.367 2.467 2.010 2.978 3.002

1.334 1.540 1.470 2.308 2.305 2.513 2.396 2.402 2.414 2.363 2.167 3.041 3.096

f ac-Ir(pmp)3 2.139 2.185 2.327 1.785 2.335 2.406 2.257 2.604 2.942 2.122 2.536 2.716 3.238 3.824

f ac-Ir(pmp)3
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Figure 5.6: Overview of the calculated Förster radius versus donor-acceptor energy difference for the 84 dye combinations, plotted separately for the different dyes that can act as
donor. Each point in the graph represents a transfer process from a dye acting as donor
(triangle) to a dye acting as acceptor (circle), with emission colours as indicated.

A.4

The effect of energetic disorder

Figure 5.7 shows how the Förster radii are influenced by the energetic disorder. Here,
the Förster radii were calculated from the averaged transfer rate for a set of 100 donoracceptor combinations with energies of donor and acceptor drawn from a Gaussian
distribution with disorder parameter σ = 0 eV (redrawn from Fig. 5.4), σ = 0.05 eV
and σ = 0.10 eV. With increasing disorder the scatter in the Förster radii tends to
decrease. For isoenergetic transfer (∆E ≈ 0) the Förster radius is enhanced. This
can be explained by the fact that the Gaussian distribution broadens the spectra and
increases spectral overlaps, leading to larger Förster radii. In realistic systems the
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energetic disorder is expected to be around 0.05 eV [52]. We see that the effect of the
disorder is then weak for a single transfer step.

Figure 5.7: Förster radii versus donor-acceptor energy difference, for three values of the
width (standard deviation) of a Gaussian distribution of triplet state energies σ = 0 eV
(redrawn from Fig. 5.4), σ = 0.05 eV and σ = 0.10 eV. Each point in the graph represents
a donor-acceptor pair, where the triangle has the donor emission color and the circle the
acceptor emission color.
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Chapter 6

Conclusions and Outlook
In the last three chapters we have presented and discussed the results of the application
of a Fermi’s Golden Rule (FGR) rate, which quantum mechanically includes all the
intramolecular vibrations, to the charge and exciton transport in disordered organic
semiconductors. In this chapter we will briefly summarize the main conclusions of the
three previous chapters. Then, we will give an outlook on the further application of the
FGR rate on additional processes of common interest to OLED device physics. We
look at the charge transfer from host to guest, which plays a role in the formation of
excitons in the OLED Emissive Layer (EML). Then we briefly discuss exciton polaron
quenching (EPQ), which is one of the important loss mechanisms in OLEDs.
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Main conclusions

In Chapter 3 we have developed a charge transport model starting from a fully
quantum mechanical Fermi’s Golden Rule (FGR) rate and including all the energetic,
spatial and orientational disorder. The FGR rate includes the electron and hole coupling to all intramolecular vibrations. The rate as a function of site energy difference
(∆E) shows significant deviations from both the Marcus and Miller-Abrahams rates.
Further in the chapter we look at the influence of the different rate theories on the
charge mobilities and charge carrier relaxation. Three common host materials used
in modern day OLEDs are studied. We find very similar charge mobility results for
the FGR, Marcus and Miller-Abrahams rates. This can be attributed to the energetic disorder, which washes out the strong variations in the ∆E-dependence of the
FGR rate. However, at low temperatures the charge carrier mobility calculated with
Marcus theory drops significantly below the mobility calculated with the FGR rate.
The mobility as calculated with the Miller-Abrahams theory then coincides quite well
with the FGR rate mobility.
In Chapter 4 we apply the previously developed FGR rate expression to study
exciton diffusion in common phosphorescent host guest systems. We replace the
charge transfer integrals with exciton transfer integrals containing both short-range
Dexter and long-range Förster contributions. Due to the strong vibronic coupling of
the triplet transfer, the Marcus theory dramatically underestimates the transfer rates
in these systems. We find that at guest concentrations realistic for OLED devices the
diffusion lengths are on the order of 2 nm and the Förster transfer integrals dominate
the transfer process. However, at systems above 30 mol% guest concentration the
Dexter process becomes dominant and diffusion lengths can increase up to 30 nm for
neat film systems.
In Chapter 5 we calculate rates for exothermic energy transfer between phosphorescent emitter molecules. Such transfer is relevant for the development of novel
device architectures for white OLEDs. We study 14 different emitter molecules and
calculate Förster radii for over 80 different donor acceptor combinations. It is found
that the exothermic transfer, for example from green to red emitters, is enhanced
with respect to the isoenergetic transfer as studied in Chapter 4. The enhancement is
due to two reasons. Firstly, the excess energy in the exothermic transfer compensates
for the Stokes shifted energy levels of the donor and acceptor molecules. Secondly,
at large excess energies, above 0.2 eV, energetically higher excited of the acceptor
molecule start enhancing the transfer rate. These higher excited states are found to
have strong transition dipole moments and can therefore quite significantly enhance
the transfer. We find that the Förster radii vary from around 1 nm for isoenergetic
transfer to almost 4 nm for the most extreme case of exothermic transfer from a blue
donor to a near infrared acceptor molecule.
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Outlook

In the last 3 chapters we have presented 3 different contributions to the field of charge
and exciton transport modelling. The modelling of charge transport has reached the
point where the models are predictive on a device scale starting from the molecular
structure [9, 10, 6, 5, 7]. In Chapter 3 we found that the full FGR rate does not
improve the charge mobility prediction of the charge transport models with respect
to the use of Marcus and Miller-Abrahams rates, at least at room temperature. One
area where the FGR rate might offer an important improvement is at large exothermic
charge transfer. Such charge transfer occurs mostly in the EML of the OLEDs. There,
the energy difference between the HOMO and LUMO of the host and guest molecules
can be quite significant, meaning that the transfer from host to guest occurs with
a lot of excess energy. In that case, the Marcus rate will have entered the inverted
regime, where the transfer rate is strongly underestimated with respect to the correct
FGR rate. This shortcoming of the Marcus rate expression was already remarked by
May [11]. In the next subsection we will further discuss this effect.
For exciton transport the comparison with experimental results is less straightforward since not a lot of experimental work has been done. As we have shown
in Chapters 4 and 5, the Förster radii calculated using first-principles methods are
comparable to experimental values from the few studies that are available, which is
encouraging. Another perspective on exciton transport is that often we are not interested in the exciton transport itself, but rather the loss processes that are induced by
the transport like exciton-exciton annihilation (EEA) and exciton polaron quenching
(EPQ). Therefore, it is vital to first fully understand these processes. Some experimental work on EEA and EPQ in OLED relevant materials and systems is being done
[2, 12, 18, 15, 17, 8], but still many questions remain. Kinetic Monte Carlo models
have been developed in the last years to study the EEA and EPQ on the device scale
[14, 4, 16]. Such models can only draw qualitative conclusions because the rates for
the different EEA and EPQ processes are unknown. The extension of the methods
developed in this thesis to EEA and EPQ rates on a molecular level would therefore
be of enormous value. We will discuss some ideas on how to calculate the EPQ and
EEA rates for the molecules studied in this work.

6.2.1

Host-guest charge transfer and exciton formation

There are two ways in which excitons are formed in the EML. Firstly, excitons can
form on the host in the EML, and then transfer to the guest in the EML. For such
a transfer to occur it is important that the exciton level of the guest is below the
exciton level of the host, so that efficient transfer occurs. Another possibility is
exciton formation on the guest. For this, either the HOMO and/or the LUMO has to
be chosen in such a way that efficient charge trapping on the guest occurs. There are
also other possibilities, like excimer formation between the EML host and the HTL
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or ETL followed by transfer. We will not discuss those possibilities here and focus on
the exciton formation on the host and exciton formation on the guest.
In many studies it is not at all clear whether exciton formation occurs on the host
or on the guest or on both. Endothermic exciton EMLs, with a guest triplet energy
level higher than the host triplet energy, have been studied by Adachi et al [1] and
found to be efficient. In that work the FIrpic emitter (ET = 2.62) was used in a CBP
(ET = 2.56) host yielding efficient emission from the FIrpic molecule. In the paper
it is argued that the emission occurs from the exciton formation on the host followed
by endothermic transfer to the FIrpic emitter. This supported by photoluminescence
(PL) experiments. However, in PL experiments only the singlet population of the
CBP host is excited, while the CBP triplet state is endothermic with respect to the
FIrpic triplet state, the CBP singlet state is not. Therefore, we can not conclude
from the PL experiments that excitation transfer also occurs in the electrically driven
device where most of the excitations will be triplets. Another possible explanation for
the FIrpic triplet population in the device is that the LUMO of FIrpic is just below
the LUMO of CBP, which means that electrons can effectively be trapped by the
FIrpic molecule. The holes will then be attracted by the negative charge and exciton
formation on the FIrpic molecule is possible.
Another work which shows anomalous behaviour with respect to exciton formation
is the study by Chang et al. [3]. Here, two devices with different emitter molecules
were studied. The first device employed the green Ir(ppy)2 (acac) molecule in CBP and
the second device employed the red Ir(MDQ)2 (acac) molecule in CBP. The HOMO
and LUMO energy levels of CBP, Ir(ppy)2 (acac) and Ir(MDQ)2 (acac) as reported in
the study by Chang are shown in Fig. 6.1. In the study it was found that the turn
on voltage for the green emitter device was lower than the turn on voltage for the
red emitter device. This suggests that in the green device the emitter plays a role in
the conduction and trapping of carriers, which allows excitons to directly form on the
emitter, while this is not the case for the device with the red emitter.

6.2. Outlook

141

Figure 6.1:
HOMO and LUMO energy levels of the CBP, Ir(ppy)2 (acac) and
Ir(MDQ)2 (acac) as reported in the study by Chang et al. [3]

These studies show that: i) The exciton formation process is not only dependent
on the exciton confinement but also on the HOMO and LUMO levels of the host
and guest molecules, ii) Even when exciton, HOMO and LUMO levels of the guest
molecules are all well confined, the exciton formation process is still dependent on
other molecular properties as shown by Chang et al. This observation might be
explained by the role that the vibrons play in the transfer process at large excess
energy.
Within Marcus theory starting from ∆E = 0 The rate will increase with more
excess energy. However, when the energy difference becomes to large, the Marcus
rate enters the inverted regime in which the rate decreases again. Such behavior is
not unique for the Marcus theory, but also applies to the FGR expression developed
in the work as can be seen in Chapters 3 and 4.
When exciton formation occurs on the guest molecules, the first step of the formation process is the hole (+) or electron (−) transfer from the host molecule (H) to
the guest (G) molecule
H+ + G n → Hn + G +
H− + G n → Hn + G − .

(6.1)

If the charge transfer rate between the CBP and the red Ir(MDQ)2 (acac) molecule
is indeed much smaller than the transfer rate from CBP to Ir(ppy)2 (acac), that can
explain why the green emitter does seem to conduct in the host-guest system while
the red emitter does not. In order to quantify this statement, we calculated the CBP
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to Ir(ppy)2 (acac) and CBP to Ir(MDQ)2 (acac) charge transfer rates. The curve for
the transfer rate as a function of ∆E is shown in Fig. 6.2. If we take the HOMO
and LUMO values of CBP, Ir(ppy)2 (acac) and Ir(MDQ)2 (acac) as used in the work
by Chang et al. we find the rates as indicated by the black arrows pointing to the
dots in Fig. 6.2. The values at the dots clearly show that the transfer rate is much
smaller than the typical transfer rate for CBP to CBP transfer (∼ 1011 s−1 ). The
hole transfer rate for CBP to Ir(MDQ)2 (acac) is even 1.5 orders of magnitude smaller
than for CBP to Ir(ppy)2 (acac). Such a small transfer rate might explain the lack of
conduction of the guests in the CBP:Ir(MDQ)2 (acac) host-guest systems studied by
Chang et al.

Figure 6.2: Hole (left) and electron (right) transfer rates for the CBP to Ir(ppy)2 (acac)
transfer (top) and the CBP to Ir(MDQ)2 (acac) transfer (bottom) as a function of ∆E. The
transfer integrals for hole and electron transfer are chosen to be J = 1 meV, similar to what
was done in Chapter 3. The dots pointed to by black arrows indicate the values at which
the transfer occurs according to the HOMO and LUMO values as reported by Chang et al.

The inverted regime effect shown in Fig. 6.2 is overestimated by the Marcus rate,
while it is underestimated by the Miller-Abrahams rate. The effect might be studied
by combining experimental work on onset voltages in OLEDs for different emitters
with predictive kinetic Monte Carlo simulations. The inverted regime effect may also
influence the charge balance in devices where hole transfer from HTL to EML or
electron transfer from ETL to EML is accompanied by large excess energy.
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Exciton polaron quenching

1) Device physics
Exciton Polaron Quenching (EPQ) is believed to be the major cause of the roll-off in
modern OLEDs. The process is commonly described as follows,
∗

P− + S 1 → P− + S 0
∗

P+ + S1 → P+ + S0

(6.2)
(6.3)

and for triplets,
∗

P− + T1 → P− + S0
+

∗

+

P + T1 → P

+ S0

(6.4)
(6.5)

The polarons (P) on the right hand side are left in an excited state (indicated by
the asterisk) and the assumption is that these states are non-emissive and can lead
to molecular bond breaking. From this point we can look at two different possible
contributions to the polaron quenching process in an OLED. (i) host-host polaron
quenching where both the polaron and the exciton are located on the host. In this
case the exciton will most likely be a triplet since the singlet states will transfer
quite fast to the guest molecules. The polaron quenching process then requires multiple steps and is therefore best desribed by Dexter transfer. (ii) guest-host polaron
quenching, here, the exciton is located on the guest molecule and is, in a single step,
transfered to the polaron on the host molecule via Förster transfer. The interaction
will most likely not be of Dexter type because of the long range character of the
Förster interaction and the fact that the exciton is trapped on the guest. (iii) guestguest polaron quenching, where both exciton and polaron are located on the guest
material. The exciton is transfered to the polaron via a single step. This process is
perhaps most unlikely because both exciton and polaron are trapped and therefore
less likely to meet, however, we can not exclude the process as the Förster radius for
such a process could be very large.
In the next section we will shortly discuss the single step polaron quenching process, (ii) and (iii).
2) Exciton polaron quenching rate
Starting from Fermi’s Golden Rule we develop a rate expression for the EPQ process.
The transfer integral for the process will be calculated from Förster theory so we
need to calculate the donor and acceptor squared transition dipole spectra as done in
Chapter 5. The EPQ rate will then be given by,
Z
1
hκ2 i
2π
µ2D (E)µ2A+ (E)dE,
(6.6)
kEPQ,h =
~ (4π0 r )2 R6
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for holes and
kEPQ,e =

2π
hκ2 i
1
~ (4π0 r )2 R6

Z

µ2D (E)µ2A− (E)dE,

(6.7)

for electrons. The donor spectra (µD ) for such a transfer are already developed in
Chapter 5. For the acceptor spectra (µA+ and µA− ) we need to calculate the transition
dipole moments and vibronic couplings of molecules in their polaron state. This can
be done with TD-DFT calculations on an open-shell reference DFT state. We have
performed such calculation for CBP and α-NPD.
The rate for the single step Förster polaron quenching process will be strongly determined by the excited state energies and transition dipole moments of the polaron.
A few studies have found that for common OLED materials the hole absorption spectra are more pronounced than the electron absorption spectra. The hole absorption
spectra show strong transition from energies of about 1 eV. Such low energies make
the transfer from the excited state species strongly exothermic.
To get an idea of the excited state character of charged molecules we calculate
the excited states of the charged mCBP molecule. For this calculation, we first relax
the geometry of the mCBP molecule in the anion or cation open-shell DFT state.
Then we perform TD-DFT calculations on the open-shell DFT reference wavefunction.
The results for lowest four hole and electron excitations of the mCBP molecule are
displayed in Table 6.1 and Table 6.2. Comparing the two tables, we see that the
transition dipole moments of the hole excitations are significantly larger than for the
electron excitations. The four lowest hole excitation lie in a window from 1.00 - 1.93
eV, while for the electron excitations there is a huge gap between the first excitation
at 0.15 eV and the second excitation at 1.77 eV. From the magnitude of the transition
dipole moments and the energetic ordering of the states we can already understand
the strong absorption of the cationic species of mCBP with respect to the negligible
absorption of the anionic species [13]. The orbital transitions that contribute to the
hole excitations are all from low lying occupied molecular orbitals to the HOMO,
while the contributions to the electron excitations are all from the LUMO to higher
unoccupied orbitals.
If we use this information to describe for example the Förster Triplet-Hole Quenching (THQ) and Triplet-Electron Quenching (TEQ) in typical phosphorescent OLED
systems these processes can be viewed as schematically depicted in Fig. 6.3
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Table 6.1: Energies, squared transition dipole moments and main orbital transition contribution for hole excitations in the mCBP molecule.

Energy (eV) µ2 (a.u.2 )
1.00
64.7
1.69
1.79
1.70
1.63
1.93
6.53

Orb. trans.
HOMO−1 → HOMO
HOMO−4 → HOMO
HOMO−5 → HOMO
HOMO−6 → HOMO

Table 6.2: Energies, squared transition dipole moments and main orbital transition contribution for electron excitations in the mCBP molecule.

Energy (eV) µ2 (a.u.2 )
0.15
0.28
1.77
1.16
2.07
0.53
2.58
3.82

Orb. trans.
LUMO → LUMO+1
LUMO → LUMO+7
LUMO → LUMO+9
LUMO → LUMO+11

Figure 6.3: Schematic depiction of the Förster mediated THQ and TEQ as expected for the
mCBP molecule. All hole excitations involve transitions to the HOMO level of the acceptor,
while all electron excitations involve transitions from the LUMO level of the acceptor.
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Summary
The incorporation of organic materials in opto-electronic devices provides almost limitless adaptability of molecular and device structure in order to enhance existing and
create novel devices. In order to realize this, predictive models have to be developed
starting from first-principle theories to understand the complex charge and exciton
dynamics from the molecular scale. Up to now, such models have relied on transfer
theories that include the vibrational and excited state properties of the molecules in a
simplified way. In this thesis we take new steps in the field of predictive modelling by
including many more molecular details in the transfer theories and applying them to
realistic predictive models including the disordered nature of the organic materials.
The methods developed in this thesis include the calculation of the necessary
components of the charge and exciton transfer rates, like the transfer integrals, energy
levels, and vibronic couplings. Additionally, methods for calculating the disorder
in the energy levels and transfer integrals are introduced. The charge and exciton
transport properties can then be found using 3D Master Equation and Monte Carlo
simulations.
The first result of this thesis is a model for the charge transport in three common
OLED host materials. The charge transfer rates used in this model are developed
starting from Fermi’s Golden Rule (FGR) including the vibronic coupling of all the
intramolecular vibrations (vibrons) in a quantum mechanical way. This results in
transfer rates which are significantly different from the commonly used Marcus and
Miller-Abrahams rates. We see that due to the disorder present in these materials the
strong differences in the transfer rates average out, and the charge mobilities obtained
using the FGR transfer rate are similar to those from the Marcus and Miller-Abrahams
rates.
The second result is a model for exciton transport between common phosphorescent emitters. The role of the Dexter and Förster mechanisms for exciton transfer
are investigated. We find that at concentrations commonly used in phosphorescent
OLEDs the Förster mechanism is mainly responsible for the exciton transfer in these
materials. Additionally, we include the vibronic coupling from all the intramolecular
vibrations. We find that this is important in correctly predicting the diffusion lengths
of the excitons, since the Marcus theory significantly underestimates the exciton diffusion length.
The third and final result is an investigation of exothermic exciton transfer between phosphorescent dyes, e.g. transfer from a blue to a green dye. We apply the
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previously developed FGR rate to calculate the Förster radii between more than 80
different donor-acceptor pairs of phosphorescent emitters. Small exothermicity partially overcomes the spectral Stokes shift, enhancing the Förster radius. At large
exothermicities the Förster radius is strongly enhanced due to transfer to multiple
energetically higher lying excited states of the acceptor molecules.
The findings presented in this thesis improve our understanding of the role of
molecular vibrations in the charge and exciton transfer process applied to realistic
molecules and systems. Using this understanding we take the first steps in predictively modelling the exciton transfer in the emissive layers of OLED devices. In
general, the methods in this thesis can be used to select molecules with favorable
properties in order to improve organic opto-electronic devices and explore new device
architectures.
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