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Abstract

Charge generation layers (CGLs) function as an injection layer and as an artificial metal an-
ode/cathode in OLEDs. In this thesis, CGLs are studied as stand-alone devices and as a part
of OLEDs. With 3D Kinetic Monte Carlo simulations from the Bumblebee software, we have
modeled the charge generation inside of CGLs. A prototypical CGL stack was studied to get
a better understanding of the charge generation. From the simulations, an optimal energy cost
for the charge generation was found to get the highest current density. The charge generation
model was then validated by simulating a multilayered CGL stack. The trend in the J(V ) curves
could be reproduced, but a good quantitative match was not achieved. For further validation of
the charge generation model, CGLs were included in single-unit OLED simulations as an injec-
tion layer. This inclusion improved agreement with the experimental J(V ) curves over the use
of the ideal injection assumption. Tandem OLEDs were simulated in a simplified fashion, where
CGLs function as anode/cathode in the middle. For all OLED simulations, the external quantum
efficiency was well reproduced. Overall, the inclusion of CGLs makes the simulation of tandem
OLEDs possible in Bumblebee.

Simulations of charge generation layers for applications in single-unit and tandem OLEDs iii





Contents

Contents v

1 Introduction 1
1.1 Why tandem OLEDs? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Charge generation layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Challenges in charge generation layer modeling . . . . . . . . . . . . . . . . . . . . 4

2 Charge transport and excitonics in organic materials 5
2.1 Charge carrier transport in organic materials . . . . . . . . . . . . . . . . . . . . . 6
2.2 Excitonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Charge generation in a CGL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 3D kinetic Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 Charge generation by exciton dissociation . . . . . . . . . . . . . . . . . . . . . . . 10

3 Test model of a CGL 13
3.1 Effect of the concentration S of active sites . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Effect of ∆E on the current density . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Effect of energetic disorder on the current density . . . . . . . . . . . . . . . . . . . 17
3.4 Effect of relative permittivity on the current density . . . . . . . . . . . . . . . . . 18
3.5 Effect of the applied electric field on the current density . . . . . . . . . . . . . . . 19
3.6 Model limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Multilayered charge generation layers 21
4.1 Simulated current densities versus measured current densities of multilayered CGLs 22
4.2 Validity of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5 OLEDs with multilayered CGLs 27
5.1 Stack architecture of the single-unit and tandem OLED . . . . . . . . . . . . . . . 28
5.2 Role of the CGL in the tandem OLED . . . . . . . . . . . . . . . . . . . . . . . . 29
5.3 Simulation approach and results for the single-unit OLED . . . . . . . . . . . . . . 30
5.4 Simulation approach and results for the tandem OLED . . . . . . . . . . . . . . . . 33

6 OLEDs with a bilayer CGL 37
6.1 Stack architecture of the single-unit and tandem OLED . . . . . . . . . . . . . . . 38
6.2 Simulation approach and results for the single-unit OLED . . . . . . . . . . . . . . 39
6.3 Simulation approach and results for the tandem OLED . . . . . . . . . . . . . . . . 42

7 Conclusion and outlook 45

Bibliography 49

Simulations of charge generation layers for applications in single-unit and tandem OLEDs v





Chapter 1

Introduction

Organic electronics is a rapidly expanding market due to the desirable properties of organic devices.
These properties include flexibility and the availability of a wide range of customizable organic
materials among others. Especially organic light-emitting diodes (OLEDs) are disrupting the tra-
ditional display market based on LCD technology. OLEDs have a dominant presence in high-end
smartphone displays and televisions. However, OLEDs still have some drawbacks, like a limited
lifetime and low maximum brightness compared to traditional display technologies, which is espe-
cially the case for blue OLEDs [1][2]. This is due to the increased degradation of OLEDs at high
luminances that limits their lifetime.

Tandem OLEDs can provide a solution to this problem due to their high internal quantum effi-
ciency (IQE). The IQE represents what percentage of the injected charge carriers is converted into
photons. A tandem OLED has two units that can emit light compared to a single-unit OLED. A
single-unit OLED and a two-unit tandem OLED are shown in figure 1.1. The unit is composed
of a hole transport layer (HTL), emitting layer (EML) and an electron transport layer (ETL). A
tandem OLED is composed of two units stacked on top of each other with a charge generation
layer (CGL) between the two units. This tandem OLED needs a CGL to function as an artificial
metal anode/cathode between the two units to have higher IQE compared to a single-unit OLED.
In this thesis the CGL will be simulated on its own and in a tandem OLED with 3D kinetic Monte
Carlo simulations [3][4][5][6][7].

HTL ETLEML CGL HTL ETLEML

HEH E

Anode Cathode
HTL ETLEML

EH

Anode Cathode

(a)                                                  (b)

Figure 1.1: Diagram of a single-unit OLED and a tandem OLED with arrows describing the
transport of holes (H) and electrons (E). In panel (a) a single-unit OLED is shown and in panel
(b) a two-unit tandem OLED is shown with a CGL between the two units. The CGL generates
charges to make a higher IQE possible.
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CHAPTER 1. INTRODUCTION

1.1 Why tandem OLEDs?

The main cause of the decreased lifetime at high luminances for OLEDs is the large current density
required to drive the displays at high luminances [8]. One way to increase the lifetime of OLEDs is
to lower the required current density to achieve high luminances. This can be done with a two-unit
tandem OLED, which has two emissive layers (EMLs) in one stack, as shown in figure 1.1 (b). The
tandem OLED only needs half of the current density for a given luminance compared to a single-
unit OLED, as shown in figure 1.2. The doubling in luminance for a given current is possible due
to the CGL between the two EMLs, which acts as an artificial internal metal anode/cathode. The
CGL creates an additional electron-hole pair in the center of the tandem OLED for each electron-
hole pair injected at the electrodes. This means that, in principle, a higher IQE is possible for
tandem devices since for each injected charge carrier an additional charge carrier is created inside
of the device. Thus the tandem OLED performs like two single-unit OLEDs in series so that the
theoretical maximum IQE of an ideal tandem OLED is 200% compared to a conventional OLED,
which has a maximum IQE of 100%. With this, a tandem OLED can have a luminosity that is
twice as high compared to a single-unit OLED at the same current density.

Figure 1.2: The luminance of a tandem OLED (red line) and a single-unit OLED (green line) as
function of current density from [9].

1.2 Charge generation layers

The CGL is needed to the connect the two units in tandem OLED. It needs to generate charges
to act as an artificial metal anode/cathode. A CGL consists of a donor and an acceptor material
whose energy levels are suitably chosen for holes and electrons. We use the highest occupied
molecular orbital (HOMO) as the energy levels for the holes and the lowest unoccupied molecular
orbital (LUMO) as the energy levels for the electrons in this thesis. If the HOMO of the donor is
close to the LUMO of the acceptor, an electron can hop from the donor to the acceptor material,
leaving a hole behind on the donor and forming an electron-hole pair (EHP). With an applied
electric field the EHP can dissociate to generate free charge carriers. With this charge generation
process, the CGL can function as an artificial metal anode/cathode in a tandem OLED, by sup-
plying the EML with electrons and holes. However, charge recombination can also occur in the
CGL. Charge recombination is where an electron and hole merge, leaving no free charges behind.
For a good CGL, there are five desirable properties:

1. Good charge generation of free charge carriers so that the CGL can sustain high current
densities.

2 Simulations of charge generation layers for applications in single-unit and tandem OLEDs



CHAPTER 1. INTRODUCTION

2. Ideal injection of charge carriers into the neighboring layers so that no voltage drop occurs
over the CGL.

3. High optical transparency so that the CGL transmits all the light generated in the OLED.

4. Morphological stability of the CGL should be similar if not greater compared to other ma-
terials used inside the OLED.

5. Compatibility of the manufacturing method used for the CGL with the rest of the OLED.

Furthermore, CGLs can be divided into three categories:

1. Bulk CGLs, which are made from a blend of donor and acceptor material in one layer [10][11].

2. Doped planar CGLs, which consist of stacked doped planar layers [12][13].

3. Pure planar CGLs, which is made from stacked pure planar layers [9][14].

This thesis will focus on the last kind of CGL, the pure planar CGL, as represented in figure
1.3. The charge generation/recombination can be seen at the interfaces between the donor and
acceptor layers. The main reason to focus on pure planar CGLs is simulation speed. In a bulk
CGL, there are many interfaces where charge generation can occur. As a result, the overall charge
density in such a CGL is much higher compared to the pure planar kind, where there is only
one interface for charge generation. The same holds for the doped bilayer CGL compared to the
pure bilayer CGL. With the simulation technique used in this thesis, 3D kinetic Monte Carlo, the
simulation time scales with the number of charge carriers and thus with the charge density. For
this reason, the simulation of doped layers cannot be easily done with 3D kinetic Monte Carlo
simulations.

Donor

Acceptor

−−−−−−−

E

+ ++ + ++ +

Donor

Acceptor

−−−−−−−

+ ++ + ++ +

Figure 1.3: Charge generation/recombination of electron and holes in a pure planar CGL. The
bottom lines of the bars are the HOMO levels and the top lines of the bars are LUMO levels.

From a device fabrication point of view, pure layers are preferred over doped or mixed layers. The
dopants in the doped layers can diffuse throughout the OLED stack since often small dopants are
used like Li or LiF [15]. Organic materials are also preferred to be used as donor and acceptor
materials inside a CGL since they are compatible with the fabrication techniques used for the
other layers. Metal oxides like MO3 or WO3 can also be used as acceptor material inside CGLs
[16][17], but they require other manufacturing methods. For these reasons, this thesis will focus
on organic planar CGLs.

Simulations of charge generation layers for applications in single-unit and tandem OLEDs 3
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Recent advances in CGL design by Guo et al. [9] have shown that the use of multiple layers
in CGLs leads to improvements in the conductivity of the CGL. It has been shown that using
more but thinner layers and thus introducing more interfaces per unit of thickness, improves the
conductivity of the CGL. It would be useful to reproduce this result in simulations to find out
why this is the case.

1.3 Challenges in charge generation layer modeling

3D kinetic Monte Carlo simulations can already provide a good prediction of the performance of
single-unit OLEDs by simulating charge carrier transport and exciton dynamics [3][4][5][6][7]. This
thesis seeks to extend the simulation method used, 3D kinetic Monte Carlo, for tandem OLEDs.
This requires an additional process, which is charge generation. For the modeling of single-unit
OLEDs, this is usually not required. However, this process is believed to be important for a better
understanding of the performance of tandem OLEDs.

There already have been other attempts to simulate organic planar CGLs [18]. However, the
main method used is the drift-diffusion method, which cannot easily capture the disorder or local
Coulomb correlation effects in organic materials. The drift-diffusion model needs to be modified
to include these effects [19]. 3D kinetic Monte Carlo simulations can mechanistically capture these
effects [5][4]. This thesis will be the first work, to the best of the author’s knowledge, that tries
to incorporate CGLs in 3D kinetic Monte Carlo simulations of tandem OLEDs.

The main challenges involved with the simulation of CGLs is modeling the charge generation
process. For organic materials, the energy required to generate charges is dependent on many
factors. These include the energy levels inside the materials, the relative permittivity and in-
terfacial effects. The theory behind charge generation is discussed in chapter 2. In chapter 3 a
prototypical CGL will be modeled to see the influence of the charge generation process on the
current densities inside a CGL. In chapter 4 an experimental CGL with multiple interfaces will
be modeled. In chapters 5 and 6 single-unit and tandem OLEDs with CGLs will be simulated. In
chapter 7 the summary, conclusion and outlook will be presented.

4 Simulations of charge generation layers for applications in single-unit and tandem OLEDs



Chapter 2

Charge transport and excitonics
in organic materials

In this chapter, we will introduce the physics needed to model OLEDs with 3D kinetic Monte
Carlo simulations [3][4][5][6][7]. The basic operation of an OLED stack is shown in figure 2.1. In
this stack, holes are injected into the HTL and electrons in the ETL. These carriers move under
an electric field to the EML. The EML usually consists of a host and a guest material. The guest
material is a dye where the charge carriers can combine to form an exciton. These excitons can
then radiatively decay on the dye molecules releasing a photon in the process. To simulate a basic
OLED stack, charge carrier transport, charge carrier injection, exciton generation, dissociation,
annihilation and quenching is needed. For tandem OLEDs, an additional process is required,
which is thermal generation of EHPs (charge generation) to supply additional charge carriers to
the EMLs. These processes will be discussed in the next sections.

Anode

Cathode

HTL

ETL

EML

E

Figure 2.1: Structure of a basic OLED stack. The dotted lines denote the energy levels of the dye
material inside the EML. The top lines of the bars represent the LUMO levels of the materials
and the bottom lines of the bars represent HOMO levels.
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CHAPTER 2. CHARGE TRANSPORT AND EXCITONICS IN ORGANIC MATERIALS

2.1 Charge carrier transport in organic materials

For organic materials, it is often assumed that charge carriers hop from site to site. This is caused
by the disordered nature of organic materials, which localizes the electrons [20]. In crystalline
structures, which is often the case for non-organic materials, band transport occurs instead due
to the delocalized nature of the charge carriers.

Charge carrier transport depends on the electronic energy levels that determine how charges
move inside the material. An organic semiconductor is filled with electrons up to a certain energy
level. This level can be related to the ionization potential of the material. These levels can be used
for calculation of hole hop rates since it is the energy level where holes reside. The next energy
level, that is no longer occupied by electrons, is the energy level used for free-electron transport.
The electron hop rates are calculated with this level and can be related to the electron affinity.
Organic semiconductors have a gap between these two electronic levels.

The ionization potential and the electron affinity can be related to the HOMO and LUMO levels
with Koopmans’ theorem [21]. In this thesis, the HOMO and LUMO levels are used for the
transport levels of charge carriers. These levels can be measured with ultraviolet photoelectron
spectroscopy (UPS)/reverse photoelectron spectroscopy (IPES) [22][23]. Some care should be used
with the measured values of these techniques since they are surface sensitive and the bulk values
may be different. In principle, these levels can also be obtained from cyclic voltammetry but the
values are then obtained from a solution phase instead of a solid-state. When only HOMO levels
are available, LUMO levels can be obtained from the HOMO level with the addition of the exciton
energy plus the exciton binding energy.

Due to the disordered nature of organic semiconductors, the energy levels have a distribution that
follows from the density of states (DOS). Measuring the DOS with UPS and IPES is not feasible
since these methods only provide a reference level for the HOMO and LUMO level. A Gaussian-
shaped energy distribution has given good agreement with experimental results for charge carrier
transport [24]. This is known as the Gaussian disorder model (GDM) [25]. The DOS of the energy
levels is given by

g(E) =
NT

σ
√

2π
exp

(
− E

2

2σ2

)
, (2.1)

with σ the width of the Gaussian, Nt the site density and E the energy relative to the mean energy.

The carrier transport happens with thermally activating hopping from one site to another. The
hopping occurs due to the localized nature of charge carriers in organic materials. It has been
shown that Miller-Abraham formalism is a good description of the hopping rates in the operating
regimes of OLEDs [26][27][28]. Miller-Abraham assumes that the hops are phonon-assisted. This
means that for hops downward in energy a phonon is emitted, while for hop upwards in energy
a phonon is absorbed from the environment. For this reason, hops upwards in energy have a
Boltzmann penalty due to having to find a phonon that provides the energy. Downwards hops in
energy don’t have to find a phonon since it can locally create a phonon. As such downward hops
don’t have a Boltzman term in the hop rates.

The hopping rates described within the Miller-Abraham formalism are determined as follows [29]

rhop(i, j) =
√
ν0,iν0,j exp

(
−2Rij

λ

)
exp

(
−|∆Eij |+ ∆Eij

2kBT

)
, (2.2)

where rhop(i, j) is the hopping attempt frequency between sites i and j,
√
ν0,iν0,j is the geometric

mean of the intrinsic hopping rate of sites i and j, Rij the distance between sites i and j and
λ is the wavefunction decay length. The second exponent contains ∆Eij = Ej − Ei, which is
the energy difference for a charge carrier on site i and j, kB the Boltzmann constant and T the
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CHAPTER 2. CHARGE TRANSPORT AND EXCITONICS IN ORGANIC MATERIALS

temperature. The site energy is influenced by the molecular energy levels, the applied electric
field and the Coulombic interaction with other charge carriers. For hops between sites in organic
materials the LUMO levels are used for electrons and HOMO levels for holes. When injecting
from the anode or cathode the work function is used for the site energy.

2.2 Excitonics

An exciton is an excited state of a molecule, where not all of the electrons are in the lowest
possible energy state. The ground state and an excited state of a molecule are shown in figure
2.2. Each energy level can fit two electrons with an opposite spin in it. In the ground state all
these levels are filled up to and including the HOMO level. For an excited state, an electron is
excited to a higher level (e.g. LUMO), leaving a hole behind in the HOMO. The combination
of the hole and the electron on the same molecule is called an exciton, which has its own energy
Eex = ELUMO − EHOMO − Eb with Eb the exciton binding energy.

ground state excited stateE

Figure 2.2: The electron configuration of the ground state and an excited state. Red lines are
HOMO levels and blue lines are LUMO levels.

Excitons can be created by optical, electrical or thermal excitation. Optical excitation occurs by
absorption of photons. This process will not be considered in this thesis since it is not relevant to
the simulations performed. For electrical generation of excitons the hopping process of holes and
electrons is used. An electron can hop to a site with hole or vice versa to create an exciton. The
exciton generation rate is then given by the Miller-Abraham rate where the energy of the final
state includes the contribution of the exciton binding energy,

rhop(i, j) =
√
ν0,iν0,j exp

(
−2Rij

λ

)
exp

(
−|∆Egen,ij |+ ∆Egen,ij

2kBT

)
, (2.3)

with ∆Egen,ij = Ej − Ei − Eb.

Each site can also be thermally excited by interaction with phonons. The thermal excitation
rate for excitons is given by

rT(i) = kTν0 exp

(
−|∆ET,i|+ ∆ET,i

2kBT

)
, (2.4)

with ∆ET,i = ELUMO,i − EHOMO,i − Eb and kT a prefactor for the attempt frequency.

Simulations of charge generation layers for applications in single-unit and tandem OLEDs 7



CHAPTER 2. CHARGE TRANSPORT AND EXCITONICS IN ORGANIC MATERIALS

Excitons can move between molecules depending on the excitonic DOS via either a Dexter pro-
cess [30] or Förster process [31]. Dexter describes electron transfer between two molecules, which
requires wavefunction overlap. The Dexter transfer rate is treated similarly to the charge carrier
hopping rates with the Miller-Abraham formalism and is given by

rD(i, j) =
√
kD,ikD,j exp

(
−2Rij

λex

)
exp

(
−|∆Eex,ij |+ ∆Eex,ij

2kBT

)
, (2.5)

with kD,x the Dexter prefactor for the material of site x, λex the wavefunction decay length for
excitons and ∆Eex,ij = Eex,j − Eex,i the difference between excitonic energy levels.

In Förster mediated energy transfer virtual photons are exchanged between molecules. The Förster
excitonic transfer rate can be modeled with

rF(i, j) = (Γr,i + Γnr,i)

(
RF,ij

Rij

)6

exp

(
−|∆Eex,ij |+ ∆Eex,ij

2kBT

)
, (2.6)

with (Γr,i + Γnr) the sum of the radiative and non-radiative decay rate of site i and RF,ij is the
Förster radius between site i and j. Förster is a longer ranged process than Dexter since it has
a dependency of R−6 on distance R compared to Dexter, which has exp(−R) dependency on the
distance.

Excitons can be lost due to radiative decay, non-radiative decay, dissociation or by quenching/an-
nihilation. With radiative decay, it can decay with rate Γr when it emits a photon. Non-radiative
decay occurs with the non-radiative rate Γnr when light is not emitted and the energy is released
via thermal excitations.

Dissociation of excitons is described as a hop of the electron or hole away from the exciton site
and it is the reverse process of electronically generating excitons. The dissociation rate is then

rdis(i, j) =
√
ν0,iν0,j exp

(
−2Ri,j

λ

)
exp

(
−|∆Edis,ij |+ ∆Edis,ij

2kBT

)
, (2.7)

with ∆Edis,ij = Ej − Ei + Eb. The Coulombic interaction between electron and hole and the
influence of the electric field are implicitly included in the site energies Ei and Ej .

Another loss channel for excitons is by quenching by interacting with charges or though anni-
hilation with excitons. The quenching process is treated as a normal exciton transport processes
to sites that are occupied by excitons or charge carriers. With this, the most important phys-
ical processes needed to simulate a single-unit OLED have been treated. For simulating tandem
OLEDs, the generation of EHPs (charge generation) is needed, which will be explained in the next
section.

2.3 Charge generation in a CGL

The CGL has the function of generating charges in the middle of a tandem OLED. A CGL is
generally made from a donor and an acceptor material. The donor material donates an electron
to the acceptor, leaving a hole behind on the donor. The EHP can then dissociate in the CGL to
generate free charges. A pure bilayer CGL is made of an ETL as acceptor layer and an HTL as
donor layer.

The HOMO level of the donor should be close to the LUMO level of the acceptor so that electrons
can hop from the HOMO of the donor to the LUMO of acceptor as shown in figure 2.3. If an elec-
tron hops from donor to acceptor, it leaves behind a hole in the HOMO and an EHP is formed,
which can dissociate to generate free charges in the CGL. The reverse process is also possible,

8 Simulations of charge generation layers for applications in single-unit and tandem OLEDs



CHAPTER 2. CHARGE TRANSPORT AND EXCITONICS IN ORGANIC MATERIALS

Figure 2.3: Charge generation/recombination process in a planar CGL with an acceptor (A) and
donor (D) layer. Red lines represent HOMO energy levels and blue lines LUMO energy levels.
From panel (a) to (b) charge generation occurs and from panel (b) to (a) charge recombination
occurs. Note that the energy level scheme is indicative and does not display the contribution of
Coulomb interaction or reorganization energy.

where an electron and a hole form an EHP at the interface and then the EHP recombines.

The charge generation rate between sites i and j is then based on Miller-Abraham charge transport
and can be modeled with

rgen(i, j) =
√
ν0,iν0,j exp

(
−2Rij

λ

)
exp

(
−|∆ECG|+ ∆ECG

2kBT

)
, (2.8)

where ∆ECG is the charge generation energy cost to create an EHP at the interface and is defined
as

∆ECG = ELUMO − EEHP + λ0 − EHOMO (2.9)

where ELUMO is the LUMO level of the acceptor, EHOMO is the HOMO level of the donor, EEHP

is the EHP binding energy and λ0 is the reorganization energy, which includes all the additional
energy contributions due to the reorganization of the system to a different geometry and/or dipole
contributions. The geometry of a molecule can change due to the electrostatic intermolecular
interactions from the charge carriers [32]. Due to this reorganization, the energy levels involved
with the charge generation process can be quite different from what one would expect. The EEHP

comes from the Coulombic interaction between the electron and holes and is equal to ∼0.48 eV if
the carriers are separated by 1 nm with a relative permittivity of εr = 3. The recombination of
EHPs is the reverse process of generating. The same equation as for the generation of EHP are
used with the only difference being that the ∆ECG changes sign.

2.4 3D kinetic Monte Carlo simulations

All the required physical processes for the simulation of tandem OLEDs have been discussed in this
chapter. The only thing that remains, is an algorithm to model these processes in a simulation.
In this thesis, 3D kinetic Monte Carlo simulations are used, which is provided by Simbeyond B.V.
with the software Bumblebee [33]. Bumblebee uses a 3D cubic grid with a lattice constant of 1 nm
between the sites. Each site represents a molecule where an electron, hole or exciton can reside.
Each site has its own HOMO/LUMO level according to the DOS of the material it represents.
For each simulation step, each possible event with its rate is calculated. This includes charge
movement, injection, exciton formation, transfer and quenching/annihilation. An event is chosen
randomly with a probability proportional to its rate. The event is then executed and new rates

Simulations of charge generation layers for applications in single-unit and tandem OLEDs 9
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are calculated. The simulation time is updated for each step. The time length for each step is
drawn from a exponential distribution and has the expectation value of 1/ΓT where ΓT =

∑
i Γi

and is the sum of the rates of all the possible events.

2.5 Charge generation by exciton dissociation

No direct charge generation is possible, as described in previous sections, with EHP formation
from electron hops from the HOMO level of the donor to the LUMO level of the acceptor. A
workaround was implemented to model charge generation in Bumblebee. Thermal exciton gen-
eration with subsequent exciton dissociation was used to create EHPs at the interfaces of pure
planar CGLs. An example stack is shown in figure 2.4 (a) where 1 nm layer of the donor layer,
next to the interface, is modeled as an active layer where excitons are thermally generated. These
excitons can dissociate across the interface to create EHPs. These excitons can be seen as active
HOMO level sites, where the electron in the HOMO level can jump to neighboring LUMO levels
to enable EHP creation. The process is represented in figure 2.4 (b) where the exciton has the
same energy level as the ground state so that EHP creation with exciton diffusion is the same as
direct EHP generation. In figure 2.4 (c) the energy difference ∆E is shown between the EHP state
and the active state.
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Figure 2.4: Charge generation with exciton diffusion. In panel (a) an example stack of a pure
planar CGL is shown, with 10 nm acceptor, 9 nm donor and 1 nm active layer, which is technically
part of the donor. The yellow dot represents excitons, which function as active HOMO sites that
can form EHPs. In panel (b) the exciton energy levels are shown. S0 is the ground state and S1 is
the excited state energy level. In the active layer, the S0 and S1 state are at the same energy level
so that the excitons function as active sites that can form EHPs. In panel (c) the energy level
difference ∆E between the active site and the EHP is seen, which is the ∆E for EHP creation.

To make the workaround identical to the real charge generation process two conditions should be
met. The first one is that the rate for EHP formation and recombination should be the same as
for direct charge generation. The second one is that only EHPs are formed across the interface
between the acceptor and donor i.e. when an EHP is formed the hole should be on the donor
and the electron on the acceptor side. In order to fulfill the first condition, ∆Edis = ∆ECG from
equations 2.8 and 2.7 so that the rate of EHP formation via exciton dissociation is the same. If
this is the case, the rate of recombination for the EHP is also the same. For the second condition,
the active sites should only be able to make EHPs across the interface by only letting electrons
hop to the acceptor layer and not within the active layer or to the donor layer. In this way, only
EHPs are made where the hole resides on the donor layer and electrons on the acceptor layer.
To account for the reorganization energy λ0 the exciton binding energy was modified to obtain
different values for ∆E.
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For optimization reasons the movement of the active sites, which are represented by excitons,
is disabled so that no quenching or annihilation is possible. In the ideal case, all the sites in the
active layer should be activated and be able to generate an EHP. This would mean in practice that
the active layer is filled by excitons, which slows down the simulation severely since 3D kinetic
Monte Carlo scales with the number of entities inside the simulation. In chapter 3 it will be shown
that this is not necessary. Instead of fully occupying the active layer, active sites are thermally
generated inside the active layer on random spots. These active sites also have a decay rate so
that the concentration will reach an equilibrium in the active layer.

The concentration S, which is the ratio of active sites to the total number of sites in the act-
ive layer, is then governed by the following equation

Γgen(1− S)− ΓnrS = 0, (2.10)

where Γgen and Γnr are the active site thermal generation rate and decay rate respectively. A low
active sites concentration is preferred since this improves the simulation speed of 3D kinetic Monte
Carlo simulations. To use a lower active site occupation some adjustments are needed for the EHP
generation rate to match the situation where all sites can generate EHPs. This is done by adjusting
the electron hopping rate from the active layer to the acceptor layer by multiplying it with 1

S .
With this method, for every S the right amount of EHPs will be generated. The appropriate
concentration of S for charge generation simulation will be explored in the next chapter.
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Chapter 3

Test model of a CGL

Based on the description in chapter 2, we investigate the effect of charge generation in a CGL.
With a prototypical CGL stack, the response of the CGL to several stack parameters can be
probed and measured to show its response to each parameter. The CGL model can also be used
to find out what the appropriate level for the active site concentration S is. The precise value of
S should not have an impact on the current density in the CGL.

In figure 3.1, we represent the prototypical CGL stack used in the simulations. The anode and
cathode are set at the same work function so that no built-in voltage exists. The HOMO and
LUMO levels of the ETL and HTL are chosen so that an injection barrier 0.2 eV for holes and
electrons is obtained. The default values for the energetic disorder σ = 0.1 eV and a relative
permittivity εr = 3 have been used in the simulations unless otherwise noted. The sensitivity of
the current density to several parameters will be discussed in the following sections. We will study
the impact of ∆E, σ, εr, S and the applied electric field on the response of the device.
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Figure 3.1: Prototypical CGL stack consisting of 60 nm ETL as acceptor and 60 nm HTL as
donor. Not depicted is the 1 nm interfacial layer where active sites are present for EHP formation.
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3.1 Effect of the concentration S of active sites

In this section, the effect of the active site concentration (S) will be investigated. Finding the
lowest acceptable value of S that does not alter the current density in the stack is important
to optimize the simulation speed of the CGL model. The concentration of S is, as discussed in
chapter 2, the concentration of active sites near the interface that are responsible for the EHP
formation in the CGL stack. It is desirable to have a sufficient low S in your system since a low S
speeds up the simulation. This is because 3D kinetic Monte Carlo simulation speed scales with the
number of entities in the system. Furthermore, a high concentration of S may block the movement
of charge carriers, which is highly undesirable. The blocking is a side effect of not having direct
electron HOMO to LUMO jumps in Bumblebee and using active sites instead. The active sites are
occupied by excitons and therefore, those sites can not be used by carriers. On the other hand, a
too low value of S may also be detrimental since then not every site may be able to generate an
EHP. The concentration of S is only important for the charge generation process. For charge re-
combination, the electrons and holes can recombine on any site that is not occupied at the interface.

In figure 3.2 (a), the concentration of S in the active layer is shown versus the expected value.

The expected value of S can be calculated with
Γgen

Γgen+Γnr
. A value of Γgen = 3.3 ∗ 106 s−1 was

chosen for the generation rate of active sites. An appropriate value for Γnr was chosen to get the
expected value of S = 0.01 site−1 and S = 0.5 site−1. It can be seen that the simulated value
closely follows the expected value based on Γgen and Γnr. Only for an applied voltage of 4 V to the
stack the simulated value for the expected value of S = 0.5 site−1 slightly drops. The high current
density at 4 V is causing a large rate of EHP formation, which are created from the dissociation
of active sites. A large rate of EHP formation lowers the S. For the expected value of S = 0.01,
this is less the case because Γnr needs to be bigger to get S = 0.01 site−1 and the dissociation of
active sites into EHPs has less of an effect on S.

In figure 3.2 (b) the J(V ) curve is shown for S = 0.5 site−1 and S = 0.01 site−1. The range
of 1 to 4 V was used. In OLED stacks it is undesirable to have a large voltage drop over the
CGL. For this reason investigation of the CGL at low voltages is desirable. However, 3D kinetic
Monte Carlo converges slower at lower voltages and voltages lower than 1 V are impractical to
simulate. OLEDs operate typically in the range of 1 to 1000 Am−2, which roughly matches the
probed current densities ranges in our simulations.

Figure 3.2: Concentration of S in the active layer for 1 V and 4 V applied to the CGL model in
panel (a) and J(V ) curve of the CGL stack for S = 0.5 site−1 and S = 0.01 site−1 in panel (b).
For the simulations a ∆E = 0.3 eV was used.

A concentration S = 0.5 site−1 has a slightly higher current density for each voltage compared
to S = 0.01 site−1, but the two J(V ) curves are in within each other’s error margin. It also a
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possibility that S = 0.5 site−1 has not yet fully reached equilibrium due to its slow convergence
speed. It is a quite general characteristic of the 3D kinetic Monte Carlo simulation technique
used that it converges slower with a higher number of entities. The model starts with an empty
device where charges enter from the anode, cathode or are generated in the CGL. To get to the
equilibrium situation, there needs to be charge carrier movement to go to the steady-state position
of these charges. This leads to an increased current density at the start of a simulation, which
gradually reaches a stable converged current density.

For further confirmation that the behavior of the stacks with the two different S is similar to
each other, one can take a look at the charge density in the stacks. The charge densities can be
seen in figure 3.3. The two charge densities are practically the same with a similar peak at the
interface in the middle of the stack. In the figure, it can be seen how the charge generation works
in the CGL stack. Charges are generated in the form of EHPs at the interface. After EHP gener-
ation the charges are pulled away from the interface with an applied field. This charge generation
process at the interface only generates holes in the HTL side and electrons in the ETL side. The
charges stick to the interface between the ETL and HTL due to the Coulombic attraction between
the holes and the electrons. This is similar to the way that holes and electrons are attracted to
a metallic anode or cathode by their image charges. The difference between the attraction to
the metal and the CGL interface is the freedom of the image/counter charge. For the metal, the
image charge always perfectly follows the charge carrier while for the organic interface the EHP
can dissociate and the charge carriers can move independently. The EHP dissociation heavily
depends on the concentration of charge carriers at the interface.

Figure 3.3: Charge density distributions in the CGL stack for two different S with ∆E = 0.3 eV
and with 1 V applied to the stack. In panel (a) S = 0.01 site−1 and in panel (B) S = 0.5 site−1

With S = 0.01 site−1 roughly 5 × 10−5 s are simulated while for S = 0.5 site−1 approximately
5×10−6 s are simulated in the same time frame. This means that simulations with S = 0.01 site−1

are a factor 10 faster than with S = 0.5 site−1. Since the concentration of excitons is also better
maintained under high voltages, we will use S = 0.01 site−1 for all further simulations unless
otherwise noted. We will see in the next sections, which physical parameters have a big impact
on the charge generation process.

3.2 Effect of ∆E on the current density

In this section, we will probe the effect of ∆E on the current density inside of a CGL stack. In
figure 3.5 (a), the current density is seen as a function of ∆E. It can be seen in the figure that
a maximum current density is reached for ∆E ≈ 0.25 eV. For a higher or lower value of ∆E the
current density becomes lower. This can be understood from the charge density plots for different

Simulations of charge generation layers for applications in single-unit and tandem OLEDs 15



CHAPTER 3. TEST MODEL OF A CGL

values of ∆E, as seen in figure 3.4. The charge density plots can be analyzed by plotting the
charge density at the interface between the ETL and the HTL alongside the density of charge
carriers in the bulk as a function of ∆E, which can be seen in figure 3.5 (b).

Figure 3.4: Charge density profile for different ∆E at an applied voltage of 3 V.

From these results, the maximum of the current density at ∆E = 0.25 eV can be explained as
followed. For too high ∆E, no EHPs will be formed at the interface, so there are no charges
that can contribute to the current density. This also results in a low charge carrier density in the
bulk, which also reduces the mobility of the charge carriers since the trap states are not filled. If
∆E is too low, too many EHPs will be formed at the interface resulting in a Coulomb glass of
charge carriers at the interface. A Coulomb glass occurs when the charge density becomes too
high and the charges start to rearrange themselves with some order to minimize the energy [34].
The evidence of a Coulomb glass can be seen in figure 3.6 where the charge carriers form a quasi
2d body-centered cubic pattern to minimize the Coulombic energy. This Coulomb glass makes it
more difficult to dissociate the EHPs into free charge carriers, which reduces the current density
at high charge densities. The Coulomb glass also reduces the bulk charge carrier density, resulting
in less trap filling in the bulk.

Figure 3.5: Current density and the charge density in the CGL stack with in panel (a) the current
density of the CGL as a function of ∆E for 1, 2 and 3 V. In panel (b) the charge density at
the interface and bulk of the stack at an applied voltage of 3 V. The bulk charge density is the
logarithmic average of the charge density in the stack at a distance of at least 10 nm from the
interface or the electrodes. An S = 0.01 site−1 was used for the simulations.

To sustain a high current density there have to be enough charge carriers at the interface to be
moved with an electric field, but not too many, which will result in Coulomb glass. To get the
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maximum current density these two factors have to be balanced against each other. For this
system, the best balance is reached for ∆E ≈ 0.25 eV.

Figure 3.6: The positions of electrons at the interface at x = 59 nm is shown on the left. In the
middle, the position of the holes at the interface at x = 60 nm is shown. The holes and electrons
are not intermixed at the interface. There are only electrons in the ETL and holes in the HTL.
However, the charge carriers order themselves at the interface. On the right, the positions of the
charge carriers near the interface are shown in the same panel. This means that the left and
middle panel are combined in order to show the order of the carriers in a body-centered square
pattern. These charge carrier positions are from a stack with ∆E = −0.3 eV and 1 V applied to
it.

3.3 Effect of energetic disorder on the current density

In this section, the influence of the energetic disorder σ on the current density in the CGL will
be investigated. In figure 3.7, the charge densities are shown for 3 different values of σ. A value
of σ = 0.1 eV is often assumed for organic materials and is used as the default parameter for
simulations. It can be seen from the figure 3.7, that for a higher σ the current density, in general,
becomes lower. This is to be expected since the energy landscape for charge carriers becomes
rougher, which makes charge transport through the stack more difficult. For lower values of σ,
the opposite happens and transport becomes easier.

Figure 3.7: Current densities for 1, 2 and 3 V for 3 different σ of 0.12, 0.1 and 0.05 eV in panel
(a), (b) and (c) respectively.
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However, similarly to the previous section, the maximum current density is reached for ∆E =
0.3 eV. The peak however has broadened with less drop off in current density at ∆E = −0.3 eV
and ∆E = 0.5 eV compared to the maximum current density at ∆E = 0.3 eV. This is due to
the larger disorder in the system. The formation of the Coulomb glass is more difficult due to
the increased disorder at low ∆E and at high ∆E there are still some spots where EHPs can be
formed with local low ∆E due to the increased disorder.

3.4 Effect of relative permittivity on the current density

In this section, the dependency of the current density on the relative permittivity εr will be probed.
Organic materials commonly have a εr ∼ 3− 4 with εr = 3 the assumed default parameter in our
simulations. The current density for three different εr is shown in figure 3.8. With εr = 2.5 the
maximum current density is achieved for ∆E ∼ 0.3 eV, which is (roughly) the same as in previous
sections. However, the magnitude of the current density is lower compared to simulation with the
default value of εr = 3. This is because charge generation is a two-step process. First, an EHP
should be formed. The EHP generation is the same for both εr since the ∆E is kept the same
for both cases. After that, the EHP has to dissociate to form free charge carriers to contribute
to the current density, which is more difficult for lower εr. A lower εr implies a stronger Coulomb
interaction between the charge carriers. Thus a lower εr entails a higher EHP binding energy,
which makes it more difficult for the EHP to dissociate into free charge carriers. The stronger
Coulomb attraction also explains why the curvature of the figure becomes bigger for larger εr. The
increased curvature is the increased ratio between the maximum value for the current density and
the value at a low ∆E. This is due to the increased effect of the Coulomb glass at a lower εr,
which has a bigger trapping effect on the charge carriers.

Figure 3.8: Current densities for εr = 2.5, εr = 3.0 and εr = 3.5 in (a), (b) and (c) respectively
with 1, 2 and 3 V applied.

When the relative dielectric constant is changed to εr = 3.5 the current density increases across
the line for all values of ∆E compared to the situation with εr = 3. The maximum current density
also occurs here for ∆E = 0.3 eV. This is consistent with the observations for the case of εr = 2.5
where the current density is lower overall. The EHP creation process stays the same, but the Cou-
lomb interaction becomes weaker for higher εr, which makes it is easier to dissociate EHP under
an electric field. The weaker Coulomb interaction leads to a higher current density in the CGL
stack. This also explains why the drop off in current density at low ∆E is less severe compared to
εr = 3.0 and why the curve becomes flatter. This is also due to the weaker Coulomb interaction,
which weakens the influence of the Coulomb glass on the current density.
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3.5 Effect of the applied electric field on the current density

To analyze the effect of the applied field on the current density, one can calculate the ratio between
the current density at 3 V and 1 V as presented in figure 3.9 (a). Curiously the ratio always
stays roughly the same (between 10 and 20). This indicates that the current density ratio is not
dependent on the value of the ∆E used. In figure 3.9, the standard Bumblebee values for εr = 3
and σ = 0.1 eV were used. But even when these parameters are changed the ratio stays roughly in
the range of 10 to 20. This indicates that the shape of the J(V ) curve of all bilayer CGLs should
look roughly the same and does not depend on these parameters. Several combinations of materials
for the CGL could be made experimentally and the J(V ) curve experimentally characterized to
see if all CGLs have this ratio between the current density at 3 V and 1 V.

Figure 3.9: The current density ratio between 3 V and 1 V. For the simulation, the value of εr
was fixed to 3 and σ to 0.1 eV.

3.6 Model limitations

Studying the effect of the applied voltage on the behavior of the prototypical CGL it was found
that for some values of ∆E a non-zero current was present at 0 V, shown in figure 3.9 (b). This
is due to the implementation of the reorganization energy in the CGL model. The contribution of
the reorganization energy to ∆E is introduced by adjusting the active site energy level as shown
in figure 3.11. We currently change ∆E by changing the energy level of the active site indicated
by the yellow dotted line. However, the correct way to include reorganization energy effects would
be to change ∆E by changing the EHP energy level (which is not possible in Bumblebee). The
reorganization energy is a response to the change of the geometry of the molecules due to charge
displacement. The active sites represent the ground state, which is a neutral state where charges
have not moved around. This is why the energy levels of the EHPs should be modified as indicated
by the purple dotted lines in figure 3.11.

However, changing the EHP energy levels is not yet possible in Bumblebee. Only changing the
active site energy was possible by changing the exciton binding energy. This was the only way
to vary ∆E while keeping injection/extraction conditions the same at the anode/cathode. Other
simulations are possible to vary the ∆E of the charge generations. These involve periodic bound-
ary conditions or shifting the energy levels of layers. The alternative simulations showed the same
qualitative predictions as the results shown in the previous sections. This gives us confidence that
the qualitatively, the results hold even if we do not include the reorganization energy in the EHP
energy levels.
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Figure 3.10: The current density in the CGL with 0 V applied. For the simulation, the value of
εr was fixed to 3 and σ to 0.1 eV.
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Figure 3.11: Energy levels used for EHP generation and dissociation. S0/S1 is the energy level of
the active site which is represented by an exciton in Bumblebee. EHP1 nm is the energy level of the
EHP with 1 site between the electron and hole and EHP2 nm two sites and so on. EHP∞ represents
the EHP energy level with an infinite number of sites between the electron and hole. The dotted
arrow between EHP and S0/S

∗
1 indicates which energy levels are now used for EHP generation.

Dotted lines with ∗ indicate how the energy levels could be impacted by the reorganization energy.
It can either change the energy level of the active site or the energy levels of the EHPs. In the
current implementation the active site energy is adjusted to vary ∆E.

We have shown that the currently implemented (experimental) model for charge generation of the
CGL has an important limitation that should be addressed in a future improved implementation
of the software. However, it is still capable of generating charges inside the stack that can be used
to drive a current and it was shown to give qualitatively valuable results in several conditions
as shown in this chapter. In the next chapter, we will demonstrate how this CGL model can be
applied to an experimental multilayered CGL stack with multiple internal interfaces.
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Chapter 4

Multilayered charge generation
layers

We have shown in the previous chapter that our model of the CGL can generate enough free
charges carriers to sustain high current densities up to 103 Am−2, by choosing the right value
of ∆E for the charge generation. To check the validity of our model, we will compare results
obtained from our model to available experimental results. It is especially interesting to know
which parameters have the most influence on the accuracy of the model.

We have seen in the previous chapter that the energy cost ∆E is a crucial parameter for the
charge generation process. The energy cost has a large impact on the current density, as seen in
figure 3.5 (a). It is also the parameter that has the most uncertainty due to λ0 since the reorgan-
ization energy of these molecules is mostly unknown. Therefore, it would be interesting to know
if the current density in a CGL can be predicted by only choosing the right value for ∆E, with
all the other parameters remaining unchanged from the standard Bumblebee values. It remains
to be seen if other factors, that may influence the physics in a CGL stack, should be included to
properly predict the performance of CGLs. The accuracy of our model to predict current densities
will then be deduced from the comparison with experimental data.
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4.1 Simulated current densities versus measured current
densities of multilayered CGLs

Guo et al. [9] have made pure planar CGL stacks that can be used as a test case for CGL
simulations. They used 1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HAT-CN) as acceptor
material and 4,4’,4”-Tris[(3-methylphenyl)phenylamino]triphenylamine (m-MTDATA) as donor
material. Indium tin oxide (ITO) was used as anode and Al as a cathode. They measured the
current density of CGL stacks where they alternated the HAT-CN and m-MTDATA layers. The
thickness of the stacks was kept constant, but the stacks had a different amount of layers and thus
a different number of interfaces. The number of interfaces in each stack is equal to 2n− 1 where
n is the number of bilayers of HAT-CN/m-MTDATA.

We will name the stacks in this thesis S1 to S10 where S1 is one HAT-CN/m-MTDATA bilayer in
a stack and S10 is ten HAT-CN/m-MTDATA bilayers stacked on top of each other in a stack. The
S4 stack structure can be seen in figure 4.1 (a). The other stack structures are described in table
4.1. When there are multiple bilayers in a stack, the interfaces not only have a charge generation
function but also have a charge recombination function, as shown in figure 4.1 (b). From interface
A, charges are pulled away under a field F, which facilitates charge generation at that interface. In
contrast, charge carriers move towards interface B due to the same field F. Charge carriers have to
recombine at this interface to make a current flow. This difference in function between interface A
and B is due to the field direction, which pulls away from the charge carriers or brings the charge
carriers towards the interface.
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Figure 4.1: Energy level diagram of the S4 stack and a zoom of two interfaces between HAT-CN
and m-MTDATA from [9]. In panel (a) the S4 stack is shown while in panel (b) a cutout of two
interfaces surrounded by the dotted line in panel (a) is shown. Movement of the charge carriers
under a field F is indicated by arrows. If no reorganization energy is assumed, ∆E = −0.18 eV for
the system which is the difference between the HOMO of m-MTDATA and the LUMO of HAT-CN
(0.3 eV) minus the EHP binding energy (0.48 eV).

The measured J(V ) curves can be seen in figure 4.2. The general trend is that the current density
of the S stacks increases for a larger number of interfaces. There is a sudden increase in current
density from S5 to S8 while the current density from S8 to S10 becomes slightly worse. This
progression in the current density indicates that the charge generation/recombination process is
so efficient that is not the bottleneck in the current density of the stack. The current density
actually increases with the amount of HAT-CN/m-MTDATA interfaces. The bulk seems to be
the limiting factor in the current density. If the model of CGL would also capture this trend of
increasing current density for more interfaces, it would be a good indication that our model can
predict the current density in CGL stacks.
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Table 4.1: Stack structure of the S stack series. In parentheses the original stack name in the
paper from [9].

Stack Structure (nm)

S1 (A1) ITO/[HAT-CN(60)/m-MTDATA(60)]1x/Al

S2 (A2) ITO/[HAT-CN(30)/m-MTDATA(30)]2x/Al

S3 (A3) ITO/[HAT-CN(20)/m-MTDATA(20)]3x/Al

S4 (A4) ITO/[HAT-CN(15)/m-MTDATA(15)]4x/Al

S5 (A5) ITO/[HAT-CN(12)/m-MTDATA(12)]5x/Al

S8 (A6) ITO/[HAT-CN(7.5)/m-MTDATA(7.5)]8x/Al

S10 (A8) ITO/[HAT-CN(6)/m-MTDATA(6)]10x/Al

It has been shown in chapter 3 that ∆E is an important parameter for the current density of
the CGL. ∆E represents the energy cost to create an EHP and is calculated with

∆E = ELUMO − EEHP + λ0 − EHOMO, (4.1)

where ELUMO is the LUMO level of the ETL, EHOMO is the HOMO level of the HTL, EEHP

is the EHP binding energy (0.48 eV with εr = 3 and an intersite distance 1 nm) and λ0 is the
reorganization energy. The HOMO and LUMO energies are site dependent and can be influenced
by local Coulombic interaction, dipoles and energetic disorder, which can have a big influence on
the energy landscape.

The question is now, which ∆E to choose for the simulation of the S stacks series. In the end,
two values were chosen for ∆E based on two scenarios. In one scenario there is no reorganization
energy and in the other scenario, the reorganization energy is equal to the EHP binding energy.
For the nominal scenario, with no assumptions about the reorganization energy (λ0 = 0 eV)
∆E = −0.18 eV, which is quite far from the optimal value to maximize the current density. For
the other scenario, with EHP binding energy equal to the reorganization energy (λ0 = EEHP )
∆E = 0.3 eV, which is close to the optimal value of ∆E = 0.3 (0.25 eV) to maximize the current
density. For the simulations, these two values of ∆E together with energy levels of the materials
shown in figure 4.1 were used.

For both values of ∆E the S1, S2 and S4 stacks were simulated, as shown in figure 4.2. For
both ∆E = −0.18 eV and ∆E = 0.3 eV, the trend is reproduced but it can be seen that for
∆E = 0.3 eV the simulation results are closer to the experimental results. The shape of the
simulated curves matches the best for the S4 stack, which only seems to be shifted in voltage
from the corresponding measured curve. For the S1 and S2 stacks, it seems to overestimate the
current density at low voltages while underestimating it at high voltages. This may be due to
slow convergence at low voltages since kinetic Monte Carlo converges faster at higher voltages
due to the larger influence of drift versus diffusion. Since the agreement with experimental values
is rather good for ∆E = 0.3 eV, we used the same value for the simulations of the S8 and S10 stacks.

The current density continues to increase when adding more interfaces in the simulations but
the huge increase in current density from S4 to S8 could not be reproduced. From S8 to S10
the current density continues to improve in contrast to the experimental results. That the large
increase in current density from S4 to S8 stack could not be reproduced, indicates that there could
be other factors in play in the stack. This could changes in the morphology of the interface for
thinner layers. The layers could have less defined interfaces and behave more like a bulk CGL
when the acceptor and donor material are mixed in a blend, which was not taken into account in
the simulation. For the S10 this becomes even more likely. The S8 and S10 stacks show ohmic
behavior, which indicates a metal-like behavior for the charge transport. Bumblebee may be able
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to reproduce this behavior with an improved morphology to account for the mixing. However
the simulations speed will slow down due to the mixing and may not be practical to simulate in
practice.

Figure 4.2: S stack series J(V ) curves from the experimental measurements [9] and the simulation
results with ∆E = 0.3 eV (left panel) and ∆E = −0.18 eV (right panel).

In figure 4.3 the charge density plots for the S1, S2 and S4 stacks can be seen for ∆E = −0.18 eV
and in figure 4.4 the charge density plots can be seen for ∆E = 0.3 eV. The improvement in current
density can be explained by these charge density and potential graphs. The charge density be-
comes lower the farther away it is from the interface. If the number of interfaces is increased while
the total stack length is kept constant the distance to the closest interface is reduced on average.
This increases the minimum charge density in the stack, which improves the current density of
the stack for both ∆E = −0.18 eV and ∆E = 0.3 eV. Also, the presence of electron and holes
forms a dipole layer that increases the field near the interface. This effect can be seen in figure
4.5 where the potential is shifted so that they overlap at the interface. One can see that the slope
near the interface becomes larger when the number of interfaces is increased. The higher slope is
caused by an increase in the electric field acting on the charge carriers. The difference in current
density between ∆E = 0.3 eV and ∆E = −0.18 eV can be explained by Coulomb glass formation
at the HAT-CN/m-MTDATA interface. It has been shown in chapter 3 that ∆E = −0.18 eV is
far away from the optimal value of ∆E = 0.25 eV for the current density due the high density of
charge carriers at the interface while ∆E = 0.3 eV is very close to the optimum value to maximize
the current density.

In the potential profiles graphs of figure 4.3 and 4.4 the differences in potential profiles can be
seen for ∆E = −0.18 eV and ∆E = 0.3 eV. The data are shown in figure 4.3 and 4.4, obtained
from a stack with an applied potential V = 3.2 V, to obtain the highest current density and the
most converged simulation. For ∆E = −0.18 eV the charge densities are so high that it causes
huge jumps in the potential. Interestingly the jump in potential (0.8 V) is higher than the energy
barrier of -0.18 eV for EHP formation, which implies that the Coulomb glass helps with stabilizing
the EHP at the interface between the acceptor and donor. The charge densities at the interface
for ∆E = 0.3 eV are so low that there is only a small jump in the potential (0.1 V). The charge
generation properties of the interface despite the energy barrier of ∆E = 0.3 eV can be attributed
to two factors. The first one is the disorder of 0.1 eV which, makes it easier for some sites to make
an EHP compared to other sites. The average may be ∆E = 0.3 eV but for some other sites it
smaller than that. The second one is the entropic force of all the electrons in the HOMO level of
m-MTDATA that can jump to the LUMO of the HAT-CN while there almost no electrons in the
LUMO level of HAT-CN that can jump to the full HOMO level of the m-MTDATA.
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Figure 4.3: Charge density in the S1, S2 and S4 stacks for ∆E = -0.18 eV in the top figures and
potential profiles in the bottom figures at an applied voltage of 3.2 V.

Figure 4.4: Charge density in the S1, S2 and S4 stacks for ∆E = 0.3 eV for the top figures and
potential profiles in the bottom figures at an applied voltage of 3.2 V.
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Figure 4.5: Comparison of the potentials of the S1, S2 and S4 stacks, with ∆E = -0.18 eV. The
potentials are shifted so that they overlap and can be compared.

4.2 Validity of the model

The qualitative trend of the J(V ) curve, shows a proper agreement with experimental data from
Guo et al. [9] for the S stack series with ∆E = 0.3 eV . The current density of the pure planar CGL
structures increases if there are more interfaces in the stack due to an increased charge density
between the interfaces and the increased field caused by the dipole layer formation at the interfaces.
This model can already mechanistically capture the effect of the dipole layers at interfaces due to
charge accumulation at these interfaces. However, the quantitative match with the experimental
results can vary quite widely with ∆E and even with the best matching value used of ∆E = 0.3 eV
only the trend is predicted. However, the match becomes better with more interfaces. Especially
having the right ∆E is critical to match with experimental results. This mismatch could be due
to hybridization between the HAT-CN and m-MDTATA energy levels that change the ∆E in-
volved with creating the EHP and dissociating it. There is some indication that hybridization
occurs between pentacene (PEN) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ) [35]. No such study has been done for HAT-CN and m-MDTATA combination, but if this
is the case the model should be adapted by changing the HOMO and LUMO levels at the interface.

For the S1 stack, the current is overestimated for low voltages while for high voltages the current
is overestimated. For the other stacks, the current is underestimated for every voltage. This
overestimation of the current at low voltages could be due to the presence of traps that were not
included in the simulations. For the other stacks, this is less of an issue since the charge density
is higher, which means that more traps are filled and that the influence of the traps diminishes.
The underestimation of the current density could also be due to different values for εr = 3 or
σ = 0.1 eV, which are the Bumblebee standard values. The quantitative match could be improved
by increasing εr, as it was seen in chapter 3, that for higher εr the current density becomes higher
for each voltage. The same could be achieved with lowering σ. The only complication with lower-
ing σ is that it also affects the charge generation process at the interface. The effect of changing
εr is already accounted for in ∆E since this includes the EHP binding energy, which is affected
by εr. This is not the case when σ is lowered since there will be fewer sites at the interface where
charges can easily hop across the interface to from EHPs with ∆E = 0.3 eV. This effect may
lead to another choice for ∆E when σ is changed to get a better quantitative agreement with
experimental data.
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Chapter 5

OLEDs with multilayered CGLs

In this chapter, we want to investigate the applicability of the implemented charge generation
model for OLED simulations. To do this a single-unit OLED and a tandem OLED are simulated,
both containing a CGL. Both the single-unit OLED and the tandem OLED were experimentally
studied by Guo et al. [9] so the simulation can be compared to the experimental results. In
particular, the single-unit OLED is useful for validation purposes since it can be simulated with
and without the explicit treatment of the injection layer containing the charge generation phys-
ics. These two simulations can be compared against each other to check if the inclusion of the
CGL improves the agreement with experimentally measured J(V ) and external quantum efficiency
(EQE) curves compared to the CGL free simulations. The EQE is the IQE multiplied with the
outcoupling (ηout) of the light. For the tandem OLED, the CGL is crucial for the functioning
of the OLED. Developing an accurate and effective treatment of the CGL in tandem OLEDs is
a more challenging task since it is often used in conjunction with doped and/or dipole layers to
facilitate charge transport in the tandem OLED.

First, the stack architecture of the experimentally measured single-unit OLED and the tandem
OLED will be introduced. The performance between the tandem OLED and single-unit OLED
will then be compared and it will be shown why a simple extrapolation of the single-unit OLED
does not adequately explain the performance of the tandem OLED. The standard procedure for
simulating a single-unit OLED in Bumblebee will be explained. This procedure does not include
the injection layers in the simulation. We will show how the injection process can be included in
the simulation of the single-unit OLED. The injection is often achieved with a layer that gives rise
to charge generation processes. The physics of the injection layer is thus the same as in the CGL
and often the same combination of layers is used. Finally, the implementation of the CGL in a
tandem OLD will be discussed
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5.1 Stack architecture of the single-unit and tandem OLED

In the work from Guo et al. [9], two OLED stacks were studied, a single-unit OLED and a
tandem OLED. The single-unit OLED is shown in figure 5.1. An ITO anode is used followed by a
multilayered CGL. The CGL is made from HAT-CN/m-MDATA bilayers, the same materials as the
CGL in chapter 4. This CGL functions as an injection layer where it directly injects holes into the
EML. The EML consist of N,N-Di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine (NPB)
as host and Bis(2-methyldibenzo[f,h]quinoxaline)-(acetylacetonate)iridium(III) (Ir(MDQ)2acac) as
orange phosphorescence dye. Electrons are injected into the EML from the 4,7-Diphenyl-1,10-
phenanthroline (BPhen) layer, which functions as ETL. The BPhen/LiCO3 together with the
pure LiCO3 dipole layer functions as an injection layer, which makes it possible to inject electrons
from the Al cathode. In particular, the thin LiCO3 dipole layer helps with the injection since it
functions as a dipole layer to overcome the large gap between the LUMO level of BPhen and the
work function of Al.
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Figure 5.1: Energy level diagram of the single-unit OLED from [9]. Yellow shaded layers are ap-
proximated with the ideal injection assumption. Not shown are the energy levels of Ir(MDQ)2acac,
which has a LUMO of -2.1 eV and a HOMO of -5.1 eV. The NPB is doped with Ir(MDQ)2acac
with 5 wt% (3.83 mol%). The Bphen is doped by Li2CO3 with a 3 wt% (12.21 mol%).

The tandem stack contains a multilayered CGL, where it is used both as a hole injection layer
and a CGL in the tandem stack as shown in figure 5.2. The stack is nearly identical to a doubled
single-unit OLED with some minor differences in the thickness of the Li2CO3 doped BPhen layer,
which has changed from 60 nm to 50 nm for one layer. The function of the layers are mostly the
same as in the single-unit stack. In contrast to the single-unit OLED, the CGL of the tandem
OLED supplies both electron and holes in the middel of the tandem OLED and thus can be seen
as an artificial metallic anode/cathode. The yellow shaded parts in figure 5.1 and 5.2 are often not
simulated in Bumblebee and replaced by effective work functions for the anode/cathode following
the ideal injection assumption. The ideal injection assumption assumes that charge carrier are
injected ideally in the OLED and that large differences in energy levels for injection in OLEDs
can be ignored.
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Figure 5.2: Energy level diagram of the tandem OLED from [9]. Yellow shaded layers are approx-
imated with the ideal injection assumption. Not shown are the energy levels of Ir(MDQ)2acac,
which has a LUMO of -2.1 eV and a HOMO of -5.1 eV. Doping of Ir(MDQ)2acac and Li2CO3 is
the same as in figure 5.1.

5.2 Role of the CGL in the tandem OLED

In figure 5.3 (a) the J(V ) curve of the tandem OLED can be compared to its single OLED
counterpart and in panel (b) the EQE comparison can be seen. Also seen in these figures is the
extrapolation of the single-unit OLED performance to the tandem OLED obtained by doubling
the voltage and the EQE. We have seen in the previous section that the tandem OLED is almost a
perfect copy of a doubled single-unit OLED. Because of this, the extrapolation just assumes that
a tandem OLED performs like a doubled single-unit OLED. For the J(V ) curve in figure 5.3 (a)
this means that for every current density the required voltage is doubled and for the EQE (shown
in panel (b)) its means that the EQE is doubled for each current density (assuming that ηout is
not modified).

Figure 5.3: Performance of the tandem OLED vs the single-unit OLED from [9]. Also shown is
the extrapolation of the single-unit OLED. In panel (a) the J(V ) curve is shown and in panel (b)
the EQE curve.

It can be seen that the extrapolation does not predict the performance of the tandem OLED
perfectly. This is not entirely surprising for the EQE since the outcoupling of the two stacks will
be different due to having the emitting layers on different positions in the stack. The differences
in J(V ) can not be explained by this since one would expect that the electrical properties could
be extrapolated. The key reason why this cannot be done is that the hole injecting interface is
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fundamentally different in the tandem OLED. The tandem OLED has two interfaces where holes
are injected/created. One interface is between the Li2CO3 and the anode. This one is similar
to the hole injecting interface in the single-unit OLED. The other hole injecting interface in the
tandem OLED is between Li2CO3 and the multilayered CGL. This interface does not exist in the
single-unit OLED, which explains why the extrapolation is not perfect. If one wishes to have a
better match with experimental results of tandem OLEDs, all the CGL interfaces must also be
included in simulations.

5.3 Simulation approach and results for the single-unit OLED

To make a baseline simulation of the single-unit OLED, standard Bumblebee procedure was used.
The baseline simulation stack, with standard Bumblebee OLED simulation procedure in mind,
can be seen in figure 5.4. This procedure uses the assumption of ideal injection from the anode
and the cathode. This means approximating the multilayered CGL, the Li2CO3 doped BPhen
ETL and the Li2CO3 dipole layer with anode and cathode that ideally inject into the OLED.
To achieve close to ideal injection in Bumblebee, the anode work function is usually set 0.2 eV
above the HOMO level of m-MTDATA. For the cathode, it is set 0.2 eV below the LUMO level
of BPhen. This way electrons and holes have a 0.2 eV injection barrier when injecting from the
cathode/anode. An electron prefactor of 0.1 was used for electron hops to account for traps in the
HAT-CN, NPD and BPhen layers.
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Figure 5.4: Energy level diagram of the single-unit OLED stack with the assumption of ideal
injection simulated in Bumblebee. Yellow lines indicate where the ideal injection assumption is
applied. Doping of Ir(MDQ)2acac in mol%.

In figure 5.5 the single-unit OLED simulation stack that includes the full multilayered CGL struc-
ture (as hole injection layer) is shown. With this stack, the assumption of ideal injection can be
compared with a mechanistic simulation of the charge generation assisted injection process. If this
inclusion of the CGL improves the match with experimental results compared to ideal injection,
it would validates the used CGL model. The CGL is comparable to the CGL in chapter 4 since
the stack is almost the same as the S4 stack, presented in section 4.1. An energy cost of 0.3 eV
fo charge generations was chosen since it best matched the experimental results. This value for
∆E is also close to the ideal value of ∆E = 0.25 eV to maximize the current density of the CGL
for a given voltage. The Li2CO3 doped BPhen layer is approximated with ideal injection and the
cathode work function set at -2.65 eV. No ideal injection was assumed on the CGL side and the
work function of ITO (-4.7 eV) was used. An electron prefactor of 0.1 was used for electron hops
to account for traps in the Ir(MDQ)2(acac), NPD and BPhen layers. This means that electrons
hopping rates are ten times lower than one would normally expect.
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Figure 5.5: Energy level diagram of the single-unit OLED stack with CGL, which is simulated in
Bumblebee. Yellow shaded layers are the part of the CGL that is usually approximated and the
yellow lines indicate where the ideal injection assumption is still used. Not shown is the active
layers in the CGL and the energy levels of Ir(MDQ)2acac, which has a LUMO of -2.1 eV and a
HOMO of -5.1 eV. Doping of Ir(MDQ)2acac is the same as in figure 5.1.

The simulation results of the single-unit OLED with ideal injection and the single-unit OLED
with the CGL can be seen in figure 5.6. The single-unit OLED with ideal injection simulation
appears to overestimate the current density for each voltage point. The deal injection assumption
does not model the voltage drops that occur over the CGL and other simplified layers in OLED
stacks. Due to this, the required voltage for each current density is underestimated. Remarkably,
the EQE curve matches the experimental results well (using a typical value for ηout) despite the
mismatch in the J(V ) curve. This is because the EQE is plotted against the current density
and that presumably the injection of charge carriers is balanced in the device. If the injection of
charge carriers is balanced, that means that holes and electrons are injected in the OLED in equal
amounts. Since ideal injection also does this, it can reasonably reproduce the EQE curve, which is
mostly a function of charge carrier density in the device [36]. This can be seen in figure 5.7 where
the charge density profile looks similar for both simulations in the EML layer where excitons are
created.

With the inclusion of the CGL as injection layers in the single-unit OLED simulation, the match
with the experimental J(V ) curve is improved. At the anode side, ideal injection is no longer
assumed and the voltage drop caused by this part can be mechanistically included in the simu-
lation of the stack. For the single-unit OLED with CGL, the current is underestimated for the
high voltages while for low voltages it is overestimated. This underestimation for high voltages
might be explained by the fact that the current density in the CGL is underestimated for a given
voltage as seen in chapter 4. However, even the inclusion of an imperfectly modeled CGL gives a
big improvement over the ideal injection assumption. The EQE curve does not match the experi-
mental results at all for the lower current densities. The lower current densities use lower voltages
and 3D Monte Carlo simulations converge slower with lower voltages. This means that the higher
voltage/current density simulations are faster and thus more converged compared to the lower
voltage/current density simulations.

This discrepancy at low voltages/current densities for the J(V ) and EQE curve, can also be
explained by the slower simulation speed when the CGL is included in the simulation. In the
single-unit OLED with ideal injection, a simulation time of 10−3 s was reached, while for the
single-unit OLED with CGL approximately, a simulation time of 10−5 s could be reached when
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applying 2 V. Thus, only the high voltages points properly converged in figure 5.6. This has to
do with the fact that the drift of the electrons due to the applied electric field is much more
dominant than the diffusion of the electrons at high voltages. Diffusion takes more simulation
steps to properly simulate since it is the effect of a random walk that goes in every direction while
drift is quite a straightforward process of transport where a charge carrier moves more or less in
one direction under influence of a field.

Figure 5.6: Simulation results for the single-unit OLED with the ideal injection assumption and
with the charge generation assisted injection versus experimental results. In (a) the J(V ) curves
are shown, in (b) the EQE is shown. An outcoupling of 21% was fitted to the EQE for the best
match.

Figure 5.7: The density of the charge carriers and excitons in the single-unit OLED simulations.
In (a) the densities can be seen for the simulation with the ideal injection approximation and in
(b) the simulation with the CGL included. Both figures have 5 V applied to the stack and in (b)
only the EML and neighboring layers are shown, to make comparing the figures easier.

The simulated time is much lower in the single-unit OLED with the inclusion of the CGL since
charge generation is not yet implemented directly and efficiently in Bumblebee. Even if charge
generation is directly incorporated in Bumblebee the simulation will still run slower and take more
computational time to converge than using the ideal injection assumption since there are more
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charge carriers overall in the simulation, which slows the simulation down. For this reason, the
multilayered CGL will be introduced in a simplified method in the next section, to simulate the
tandem OLED. This way the simulation speed will stay acceptable.

5.4 Simulation approach and results for the tandem OLED

For the tandem OLED stack, we implemented the CGL stack in a simplified manner to have a
reasonable simulation speed. Otherwise, the simulations will not converge in an acceptable time
range. This is especially important for a tandem stack since it is expected to have a slower sim-
ulation speed. It is expected that a tandem OLED doubles the amount of charge carriers and
excitons in the simulation compared to a single-unit OLED, which intrinsically slows down the
simulation speed of tandem OLEDs. The used tandem OLED stack for simulations can be seen in
figure 5.8. Here the single-unit OLED with ideal injection stack was taken and doubled to model
the tandem OLED stack. An active layer was added at the interface between the two single-units.
EHPs can be created at the edge of the units with the help of an active layer. The CGL is the
same as the one used in the single-unit OLED so a value of 0.3 eV was used in the active layer
for the energy gap ∆E. This implements the multilayered CGL in a simplified model, which does
not slow down the simulation to the degree that the complete CGL would. An electron prefactor
of 0.1 was used for electron hops to account for traps in the Ir(MDQ)2(acac), NPD and BPhen
layers.
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Figure 5.8: Energy level diagram of the tandem OLED stack with ideal injection, simulated in
Bumblebee. Yellow lines indicate where the stack differs from the experimental stack and where
the ideal injection assumption or approximated charge generation is applied. Not shown is the
active layer between the BPhen/m-MTDATA interface to enable charge generation. Doping of
Ir(MDQ)2acac is the same as in figure 5.1.

The simulation results can be seen in figure 5.9. We can again observe that the current density is
overestimated for each voltage point in the same manner as for the single-unit OLED stack with
ideal injection. However, it can be seen that this overestimation of the current density seems to
be worse than for the single-unit OLED simulation with the ideal injection approximation. This
means that the layers that are approximated have more voltage drop over them compared to the
single-unit OLED. Since the tandem OLED is mostly a doubled single-unit OLED, the increased
voltage drop could be attributed to the Li2CO3 doped BPhen/Li2CO3/HAT-CN interface. This
interface does not exist in the single-unit OLED and could be more difficult for electrons to in-
ject from. This can be attributed to the larger difference between the LUMOs of the HAT-CN
and BPhen (2.35 eV) than between the BPhen and Al (1.65 eV) (see figure 5.2). We already
have shown that the inclusion of charge generation physics improves the simulation results of the
single-unit OLED. To mechanistically include this voltage drop in the simulation the full CGL
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and doped layers should be modeled.

Remarkably the EQE curve is well reproduced for the tandem OLED, as seen in figure 5.8 (b).
This implies that charge generation in a tandem OLED can be well reproduced by approximating
the CGL with an effective interface. The simplified CGL thus provides the right charge carrier
balance within the stack to accurately reproduce the EQE curve. The charge carrier/exciton dens-
ity profile can be seen in figure 5.10. The density profiles in the EML layers look similar to each
other and the density profile in the single-unit OLED.

Figure 5.9: Simulation results for the tandem OLED versus experimental results. In panel (a) the
J(V ) curves are shown. In panel (b) the EQE is shown. An outcoupling of 22% was used for the
EQE.

Figure 5.10: The density of the charge carriers and excitons in the tandem OLED simulation.
Charge generation in the middle of the stack can be seen where holes and electrons are generated
at an interface. A voltage of 5 V was applied to the stack.

To incorporate the full CGL in the tandem OLED requires that the CGL model in Bumblebee is
optimized. Otherwise, the inclusion of 2 CGLs in Bumblebee will not give results in a reasonable
amount of time. This is due to the complexity of the multilayered CGL. The multilayered CGL
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contains many interfaces, which generate a large number of charges. This, in turn, slows down the
simulation. This was seen in the previous section, where a full model of the CGL was included.
However, even with the ideal injection assumption and the simplified implementation of the CGL
in the tandem OLED, the EQE is reasonably well reproduced. This shows that the simplified CGL
model proposed here is valid for this OLED stack and usable for the charge generation process
in the middle of the stack. Further validation of our CGL model can be performed by including
the complete multilayered CGL in the tandem OLED as is in the experimentally characterized
device from [9] (see figure 5.2). To reduce the slowdown experienced with the inclusion of the
multilayered CGL, a less complex CGL with fewer interfaces will be simulated in OLEDs in the
next chapter.
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Chapter 6

OLEDs with a bilayer CGL

In the previous chapter, it has been shown how a multilayered CGL can be included in an OLED.
We demonstrated how the J(V ) curve of a single-unit OLED shows better agreement with exper-
imental data when the CGL is included as an injection layer. However, the simulation speed was
dramatically lowered with the inclusion of the CGL. This was due to the complexity of the CGL
with its many charge generating interfaces. Because of the slow simulation speed, the lower voltage
points were not well converged. The same holds for the EQE curve where only the high current
density points had converged. In this chapter, the use of a simpler bilayer CGL will be explored in
a single-unit OLED and a tandem OLED instead of the complex multilayered CGL of the previous
chapter. This will partly mitigate the slowdown experienced with the introduction of the CGL
in the simulation stack. With this simpler case study, the applicability of the CGL model can be
better explored in a non-simplified OLED stack. The good agreement with the experimental data
of the modeled single-unit OLED stack with the inclusion of the CGL demonstrates the validity
of the model.

In this chapter, first a stack architecture of the single-unit and tandem OLED studied by Zhang
et al. [14] will be introduced, along with the comparison of the performance of the single-unit
OLED versus the tandem OLED. Then, the simulation approach for the single-unit OLED with
the ideal injection assumption is introduced and compared with an approach where the injection,
assisted by the charge generation process, is mechanistically treated. With this, it can be checked
if charge generation assisted injection is an improvement over the ideal injection assumption for
simulation purposes. The approach for the tandem OLED simulation follows afterward, along
with a discussion of the results.
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CHAPTER 6. OLEDS WITH A BILAYER CGL

6.1 Stack architecture of the single-unit and tandem OLED

Zhang et al. [14] made two stacks, a single-unit (D1) and a tandem (D1S) OLED stack (D1
shown in figure 6.1)(D1S, shown in figure 6.2). The D1 stack has ITO as anode and a bilayer
of HAT-CN and 4,4,0 -bis[N-(1-naphthyl)-N-phenyl-amino]-biphenyl (NPD) CGL functioning as
a hole injection layer. The CGL injects holes into the EML that has as host material 4,4,0
-bis(3-methylcarbazol-9-yl)-2,2,0 -biphenyl (mCBP) and iridium (III) tris[3-(2,6-dimethylphenyl)-
7-methylimidazo[1,2-f] phenanthridine] (Ir(dmp)3) as a blue phosphorescent emitting dye. Tris(8-
hydroxyquinolinato)aluminum (Alq3) is used as the ETL material with 8-hydroxyquinolinato lith-
ium (Liq) as a dipole layer to facilitate the electron injection from the Al cathode.
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Figure 6.1: The single-unit (D1) OLED stack, experimentally characterized by Zhang et al. [14].
The mCBP host is doped with Ir(dmp)3 phosphorescent dye with 13 wt% (7.6 mol%). Shaded in
yellow is HAT-CN, which is part of the CGL and the Liq dipole layer. These layers are typically
approximated in Bumblebee OLED simulations and replaced by effective electrode work functions.

The tandem stack has two CGLs. One is an injection layer for holes. The other one functions as
CGL in the middle of the stack to supply holes and electrons to the EMLs and thus performs as
an artificial metal anode/cathode. The tandem D1S stack resembles a doubled D1 OLED. The
biggest difference between the two is that there is no Liq dipole layer in the middle of the stack
and the Alq3 is doped with Li instead to facilitate the injection of electrons from the HAT-CN
to Alq3. This doped layer forms a dipole layer at the interface between Li doped Alq3 and the
HAT-CN to enable this.
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Figure 6.2: Tandem (D1S) OLED stack experimentally characterized by Zhang et al. [14]. The
mCBP host is doped by Ir(dmp)3 with 13 wt% (7.6 mol%). Alq3 is doped with Li 2 vol%. Shaded
in yellow are the layers that are not yet mechanistically simulated in Bumblebee.

The performance of the D1S tandem OLED and the D1 single-unit OLED can be seen in figure
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6.3. The extrapolation of the single-unit OLED for the tandem OLED is also shown. The extra-
polation is done in the same way as in chapter 5. The voltage has been doubled for each current
density and the EQE is doubled for each current density. The tandem has a lower current density
than expected from the extrapolation. This could indicate that Li doped Alq3/ interface is a worse
conducting interface than the Alq3/Liq/Al interface or that the thick Li doped Alq3 is not well
conducting. Furthermore, the extrapolation overestimates the increase of the EQE. This could
mean two things, the outcoupling is worse or the charge balance is less ideal in the tandem OLED
stack compared to the single-unit OLED.

Figure 6.3: Experimental measurement from [14] of the D1 and D1S OLEDs along with an extra-
polation. In panel (a) the J(V ) curves are shown and in panel (b) the EQE curves are shown.

6.2 Simulation approach and results for the single-unit OLED

The approach for simulating the D1 single-unit OLED is similar to the method used for the single-
unit OLED in chapter 5. First, a baseline D1 OLED with the ideal injection assumption will be
made as shown in figure 6.4. After that, a simulation stack (as shown in figure 6.5) will be made
that more closely resembles the experimental D1 stack and includes the CGL that work as an
injection layer for the holes. In this way, the model of the CGL can be tested in the single-unit
OLED. If the OLED simulation provides a better match with the experimental results when the
CGL is mechanistically included, it can be seen as proof for the validity of the model.

The baseline simulation stack with the ideal injection assumption can be seen in figure 6.4. The
yellow lines indicate where the stack is approximated with the ideal injection assumption, which is
standard Bumblebee procedure for OLED simulations. This means that the yellow shaded parts
of the stack in figure 6.1 (dipole Liq layer and the HAT-CN part of the CGL) are not simulated
and replaced by effective electrode work functions in the stack. The anode is set at -5.25 eV and
the cathode is set at -2.25 eV so that charge carriers experience a 0.2 eV injection barrier. An
overall electron prefactor of 0.1 was used for all electron hops to account for traps.

The J(V ) and EQE curves of the baseline simulation can be seen in figure 6.6. We can see
that with ideal injection the current density is slightly overestimated. This is often the case since
the injection is ideal, which is most likely not the case in experimental stacks where they can-
not fully optimize the injection into the OLED. The simulated EQE curve better predicts the
experimental data than the simulated J(V ) curve. This is because the EQE is a function of the
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charge carrier balance and density inside the EML. With ideal injection, an equal amount of holes
and electrons can be injected in the stack under ideal circumstances. Experimental stacks often
try to balance the number of electrons and holes into the stack to optimize the EQE. Assuming
ideal injection is a good approximation for the EQE curve since it often recreates a similar charge
balance as in the experimental stack.
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Figure 6.4: Energy level diagram of the simplified D1 simulation stack. Concentration of Ir(dmp)3

and mCBP is shown in mol%. Yellow lines indicate where the simulation stack differs from the
experimental stack and where the ideal injection assumption is applied.
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Figure 6.5: Energy level diagram of the D1 simulation stack with CGL. Not shown is the active
layer at the HAT-CN/NPD interface needed to enable charge generation in Bumblebee. Yellow
lines indicate where the stack differs from the experimental stack and where the ideal injection
assumption is applied. The yellow shaded HAT-CN layer is the part of the CGL that is usually
approximated by ideal injection. Doping of Ir(dmp)3 is shown in mol%.

The D1 simulation stack where the CGL is included in the simulation can be seen in figure 6.5.
On the anode side, the HAT-CN layer (in yellow) is added to the stack to mechanistically simulate
the injection assisted by charge generation. ∆E = 0.17 eV was used for EHP formation in the
CGL. This ∆E is calculated from ∆E = ELUMO, HAT-CN−EEHP +λ0−EHOMO, NPD with λ0 = 0
and EEHP = 0.48 eV. A λ0 = 0 is chosen since the ∆E = 0.17 eV was already quite close to the
optimal value of ∆E = 0.25 eV to maximize the current density. This means that no reorganiz-
ation energy is used in these simulations. We saw in chapter 3 that a difference of 0.1 eV in the
∆E does not change the current density too drastically. For the anode, the work function of ITO
was used. For the cathode side of the OLED stack, the Liq dipole layer is still approximated with
ideal injection and the work function is chosen at -2.25 eV. An overall electron prefactor of 0.1
was used for all electron hops to account for traps.
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Figure 6.6: Simulation results for the D1 single-unit OLED with ideal injection and CGL versus
the experimental results. An ηout = 21% was used for the EQE from [14]. In panel (a) the J(V )
curve is shown and in panel (b) the EQE curve is shown.

The simulated J(V ) and EQE curves are displayed in figure 6.6. It can be seen that the in-
clusion of the CGL in the OLED stack improves the match with experimental results. It still
slightly overestimates the current density, which could be attributed to the assumption of ideal
injection on the anode side, which can be less than ideal in the experimental stack. The EQE
curve does not show an improved match with experimentally measured EQE, with the inclusion
of the CGL. This is because the match with experimental results was already quite good without
the inclusion of the CGL. In figure 6.7 the charge carrier/exciton densities for the simulation with
and without CGL can be seen. The densities in both simulations are quite similar to each other,
which explains why the EQE is roughly the same for both simulations. This further indicates that
the used model can be used in OLEDs to simulate charge carrier transport and injection assisted
by charge generation.

Only the EQE at the lowest current density doesn’t match the experimental results because of
the poor convergence of the simulation. This is due to the slowdown in simulation speed from
the inclusion of the CGL and the slower convergences at lower voltages/current densities. A time
on the order of 10−3 s was simulated for the D1 stack without CGL and with the CGL a time
on the order of 10−4 s was simulated. The simulation slowdown is not as dramatic as in chapter
5. There are two reasons for that: To include the CGL in the D1 stack only a 10 nm layer of
HAT-CN had to be added. This stack is only slightly larger than the stack without the CGL.
This was not the case for the single-unit stack of Guo et al. where the CGL was substantially
bigger. Furthermore, the CGL is less complex and contains only one interface where the charge
generation happens. The CGL in the single-unit stack of Guo et al. contains 7 interfaces where
charge generation/recombination is possible, which is computationally more expensive to simulate.
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Figure 6.7: The density of the charge carriers and excitons for the single-unit OLED. In panel (a)
the simulation is shown with ideal injection and in panel (b) the simulation with CGL is shown.
In panel (b) the charge density in the HAT-CN layer is not shown for easier comparison. For both
simulations, 11 V was applied to the stack.

6.3 Simulation approach and results for the tandem OLED
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Figure 6.8: Energy level diagram of the D1S simulation stack. Not shown is the active layer at
the Alq3/NPD interface needed to enable charge generation in Bumblebee. Yellow lines indicate
where the stack differs from the experimental stack and where ideal injection or approximated
charge generation is applied. Doping of Ir(dmp)3 is shown in mol%.

Because the simulation of doped layers is out of the scope of this thesis, a simplified approach
was chosen for simulating the D1S OLED stack, shown in figure 6.9. The CGL in the middle
of the stack has to be approximated because otherwise a model for the Li doped Alq3 would be
needed, to correctly simulate electron transport from the HAT-CN to the Alq3. This doped layer
is required since the LUMO levels of the HAT-CN (-4.8 eV) and Alq3 (-2.05 eV) are too far apart
from each other to allow for electron injection. Since there is no support yet for doped materials
in Bumblebee, the layer has to be approximated.

The D1S simulation stack is made from a doubled D1 simulation stack with the ideal injection
assumption. This means that ideal injection occurs at the anode and the cathode side. An active
layer was added between Alq3 and the NPD to enable charge generation. For the charge genera-
tion at the Alq3/NPD interface, a ∆E = 0.17 eV was chosen, which is the same value as in the D1
simulation stack where the full CGL was included. This means that we are also assuming an ideal

42 Simulations of charge generation layers for applications in single-unit and tandem OLEDs



CHAPTER 6. OLEDS WITH A BILAYER CGL

Figure 6.9: Simulation results for the D1S OLED with ideal injection versus the experimental
results. An ηout = 18% was used for the EQE. In (a) the J(V ) curve is shown and in (b) the EQE
curve is shown.

injection from HAT-CN to the Li doped Alq3 and ideal charge transport in the Li doped Alq3

with zero voltage drop caused by these layers. The simplified layers are the yellow shaded areas in
figure 6.2 and indicated by the yellow lines in figure 6.8. The J(V ) of the simulated D1S stack can
be seen in figure 6.9. The J(V ) curve does not predict the experimental results as well as seen for
the D1 stack simulations. The J(V ) seems to be overestimated for each voltage point. This could
be due to a voltage drop caused by the doped Alq3Li and HAT-CN layer, which was assumed ideal.

The EQE curve in figure 6.9 (b) seems to fit the experimental curve very well. This time an
ηout = 18% was used which is lower than the ηout = 21% used in the D1 EQE curve. This indic-
ates that ηout is responsible for the lower EQE than one would expect from extrapolation. The
simplification of the D1S stack does not seem to be detrimental for the ability to model the EQE
curves. In figure 6.10 the charge/exciton density is shown. The charge densities in both EMLs are
similar to each other and the EML density profile of the single-unit OLED. This indicates that
the CGL gives a charge balance that is current driven and not voltage driven. That means that
that the CGL can give the right charge balance in the EML, even if there is a mismatch in the
J(V ) curve.

We have seen that for the D1 stack, the inclusion of the HAT-CN layer of the CGL improves
the agreement of the simulated J(V ) curve with experimental results. However, the full inclusion
of the CGL in the D1 stack did not lower the current density drastically. The large difference
between the experimental and simulation results thus cannot be solely be explained by the lack
of the implementation of the CGL for injection and charge generation in the simulated D1s stack.
Most likely a significant part of the voltage drop is caused by the Li doped Alq3 layer which was
also not included in the simulation stack. To get a better match with the experimental J(V ) the
full stack should be mechanistically simulated. This means that the stack should include the CGL
for the injection layer/charge generation, the Liq dipole layer and most importantly the Li doped
Alq3 layer.
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Figure 6.10: Density of the charge carriers and excitons for the tandem OLED simulation. For
the simulation, 18 V was applied to the stack.
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Chapter 7

Conclusion and outlook

Tandem OLEDs are promising devices, having much higher IQE and longer lifetimes than their
single-unit OLEDs counterpart. Tandem OLEDs are stacks composed of two single-unit OLED
devices connected by artificial metallic junctions, the CGLs. It is therefore critical to be able to
understand the physics of the CGLs to improves the performance of such devices. In this thesis,
we developed and validated a CGL model using 3D kinetic Monte Carlo simulation. We focused
on organic pure planar CGLs, where the charge generation occurs at the interface of organic layers.
In this work, we demonstrated the crucial role of the CGLs in tandem OLEDs, where the CGL
connects two units of the tandem OLED and functions as an artificial metal anode/cathode.

The charge generation in a CGL occurs through hops of electrons from the HOMO level in the
donor layer to a neighboring LUMO level in an adjacent acceptor layer. To make these hops
possible, the HOMO and LUMO levels should be close in energy. An expression for the rate of
the charge generation process was introduced in chapter 2. In chapter 3, a parameter sensitivity
analysis was performed on a prototype bilayer CGL stack. The effect of EHP formation energy
(∆E), relative electric permittivity εr and energetic disorder (σ) on the current density at an
applied external field was studied. It was found that ∆E is a critical parameter for the charge
generation process. A too high value of ∆E causes no charges to be generated and a too low value
of ∆E generates so many charge carriers that a Coulomb glass is formed. In both cases, this leads
to a low current density in the CGL when an electric field is applied. The ideal value to maximize
the current density lies around ∆E ≈ 0.25 eV where these two extremes are balanced against each
other.

In order to check the validity of the used charge generation model, in chapter 3 a comparison
was made with experimentally measured CGL stacks. Guo et al. made several CGL stacks [9],
ranging from a single bilayer to 10 bilayers in a single CGL while keeping the CGL stack thickness
constant. The conductivity of the CGL stacks increased when the number of bilayers increases.
This trend could be best reproduced with a ∆E = 0.3 eV for the CGL. However, no good quantit-
ative match was found. More precise values of parameters like εr, σ or the introduction of traps in
the model could be included in future works to improve the quantitative agreement with experi-
ment. Future improvements of the charge generation model discussed in this thesis might also lead
to an improved match with experimental results. Moreover, it was not possible to reproduce the
large increase in the current density observed experimentally when the stack contained 8 or more
bilayers. A transition to a J(V ) curve that has characteristics resembling a metal was observed
experimentally. This might be explained a change of the morphology of the layers, in the case of
very thin (7.5 nm) or thinner layers, so that the stack no longer has discrete layers. Instead, it
behaves more like a doped compound where the materials are mixed in one blend.

To validate the implemented CGL model, two OLED stacks from Guo et al. [9] were studied.
A multilayered CGL as part of an OLED is discussed in chapter 5. Two stacks are studied: a
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single-unit OLED and a tandem version of the single-unit OLED. The CGLs in the OLEDs were
made from several bilayers. The single-unit OLED used the CGL element as a hole injecting layer.
Modeling of the stack with the inclusion of the CGL improved the match with the experimental
results over the assumption of ideal injection. This is likely due to a non-negligible voltage drop
caused by the CGL, which is not simulated with ideal injection. However, the inclusion of the
CGL severely slowed down the simulation speed. Only for the highest current density points, the
simulation of the single-unit OLED with CGL showed a converged result for the EQE. This is due
to the complexity of the CGL that had many interfaces where charge generation/recombination
occurred. Due to this fact, a simplified CGL was used for the more demanding tandem OLED
simulation. The J(V ) curve of the simulated tandem OLED qualitatively reproduced the experi-
mental results. We concluded that the quantitative mismatch is due to the voltage drop from the
complete CGL and the doped layers that were not included in the simplified simulation. Despite
the mismatch in the J(V ) curve, the EQE curve could be accurately modeled with the simplified
inclusion of the CGL in the tandem OLED.

Since the inclusion of a complex multilayered CGL has a large impact on simulation speed, chapter
6 discusses simulations of OLED stacks where a less complex CGL was used. Zhang et al. made
a single-unit OLED and a tandem OLED [14], where the CGL was made from a bilayer of pure
materials. In the single-unit OLED stack, the CGL was used as a hole injection layer. Similarly
to chapter 5, a comparison was made between ideal injection and with charge generation assisted
injection. The inclusion of the CGL improved the match with experimental results for the J(V )
curve. Good agreement with experimental data for the EQE was reached for both approaches.
This is because experimental stacks are usually optimized for maximum EQE. For this, an ideal
charge balance is required, which is also achieved with the assumption of ideal injection. However,
the ideal injection assumption cannot simulate the voltage drop that is caused by the CGL or
other parts of the OLED. This explains the observed discrepancy between the simulation and
the experimental data. The tandem OLED stack from Zhang et al. contained a Li doped Alq3

layer to facilitate the injection from the CGL. Since it is not yet feasible to efficiently simulate
doping in Bumblebee, a simplified approach was taken for the tandem OLED. As a result, the
simulated J(V ) curve did not have a good quantitative match with experimental results, due to
the simplification. This simplification neglect the voltage drop caused by the doped layer that was
approximated. Despite the mismatch in the simulated J(V ) curve a good agreement was observed
with experimental EQE.

We have seen that ∆E is an important parameter for the current density inside a CGL. To
improve the modeling of the CGL better understanding of the ∆E parameter for charge genera-
tion is needed. Density functional theory simulations could be used to study the exact energies
involved in the electron transfer from a HOMO level to a nearby LUMO level [37][35][32][38]. Fur-
ther understanding of the reorganization energy is needed to see how it affects the energy levels
involved. To properly simulate and better study the effect of the reorganization energy in CGL
it should be implemented in Bumblebee in a way that the reorganization energy affects the EHP
energy levels.

From the work reported in this thesis, guidelines for the realization of optimal CGLs can be
drawn. For the ideal CGL, which aims for the maximum current density for a given voltage, the
following three things are needed. First, εr should be as high as possible. If εr becomes larger,
the Coulomb interaction between EHPs becomes smaller and the EHPs will more easily dissociate
into free charge carriers. Second, the σ of the CGL should be as small as possible with no traps
in the energy levels to facilitate the transport of the charge carriers under an applied field. Third,
the ideal value of ∆E should be found. It should not be too high so that EHP pairs can be formed
at the interface in the CGL and it should be not too low that too many charge carriers are formed
at the interface, which form a Coulomb glass. The ideal ∆E depends on the σ, since for smaller
σ a smaller ∆E is found to be ideal, as seen in chapter 3.
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CHAPTER 7. CONCLUSION AND OUTLOOK

For simulations of single-unit OLEDs and tandem OLEDs, all parts of the OLED must be in-
cluded in the simulation, if one wishes to have a good agreement with experimental J(V ) meas-
urements. This means that the CGL, dipole and doped layers should be included in the simulation
since voltage drops can be caused by these parts. This voltage drop is not simulated with the
assumption of ideal injection or ideal charge generation. Doping, in principle, can be included in
Bumblebee with the same method used for the process of charge generation. The difference now is
that for pure bilayer CGLs electrons can hop from a HOMO level to a LUMO level across a planar
interface. For doping, an electron can hop from a single site to all the surrounding sites making
the computational complexity much higher. For practical implementation, this doping should be
implemented in a much more efficient manner than currently is possible in Bumblebee. Even
without simulating the doped layers or the dipole layers the EQE curve of the tandem OLEDs
can be well reproduced with the used CGL model. This is because the EQE is current driven and
OLEDs, in general, are designed to have an ideal charge balance in the EML to maximize the
EQE. Ideal charge generation in simplified tandem OLED stacks can accurately reproduce these
circumstances.

In addition to this, the simulation of the CGL should be optimized in Bumblebee to get faster
convergences. The current implementation of charge generation uses active sites, modeled by
excitons, and subsequent exciton dissociation to enable charge generation. This implementation
slows down the simulations, which makes simulations of complex CGLs with multiple layers dif-
ficult. Direct electron jump from HOMO levels to nearby LUMO levels must be implemented to
solve the slowdown of the developed method. In chapter 3, we saw that the ∆E does not impact
the current density ratio in the simulations, which means that the trend of the J(V ) curve does
not depend on ∆E. This was also the case for other parameters. If experimentally characterized
stacks show the same behavior, that for several different ∆E the shape of the J(V) curve stays
the same, it would be a validation of our model.

Simulations of charge generation layers for applications in single-unit and tandem OLEDs 47





Bibliography

[1] Sinheui Kim, Hye Jin Bae, Sangho Park, Wook Kim, Joonghyuk Kim, Jong Soo Kim, Yongsik
Jung, Soohwan Sul, Soo-Ghang Ihn, Changho Noh, et al. Degradation of blue-phosphorescent
organic light-emitting devices involves exciton-induced generation of polaron pair within emit-
ting layers. Nature communications, 9(1):1211, 2018. 1

[2] Ines Rabelo de Moraes, Sebastian Scholz, Björn Lüssem, and Karl Leo. Analysis of chemical
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