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Abstract

An OLED consists of organic semiconducting material placed between

two electrodes and emits electroluminescent light under the influence of an

applied potential difference. Contradictory to inorganic semiconductors,

charge carriers (both holes and electrons) are transported through the or-

ganic material by a hopping process that involves quantum tunnelling from

one localised state to the next. The energetic disorder strength, i.e. the en-

ergy differences between the quantum states relative to the thermal energy,

has an important influence on the charge transport. One method of study-

ing the charge transport experimentally is measuring DI transients, which

is the current density response to a voltage pulse.

A three dimensional model, which is partly based on the EGDM, is

constructed and used for simulating single layer single carrier OLED devices.

It is found that this model leads to a good agreement of current voltage

characteristics between simulations and experimental results. The time of

the peak value occurring in the DI transients is also simulated well.

After injection into the organic material, charge carriers are likely to

be transported to increasingly lower energy states, which causes a drop in

their mobility, until a steady state value is reached. As a consequence, a

relaxation of the current density in DI transients is observed. The relaxation

of the mobility of the charge carriers is closely connected to the energetic

disorder, with a higher disorder causing a slower relaxation. It is found

that the simulations show a slower relaxation than the experimental results,

which cannot be explained by the uncertainty in the value of the disorder

strength. By removing the lowest energy states a much faster relaxation can

be obtained without changing the disorder strength.
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Chapter 1

Introduction

1.1 Organic Light Emitting Diodes

An Organic Light Emitting Diode (OLED) basically consists of organic

material placed between a metallic cathode and a transparant anode. It

emits electroluminescent light under the influence of a potential difference

applied on the electrodes. The organic material is a semiconductor. There

are two types of organic material used for OLED’s; small molecules and

polymers. An OLED can conduct two types of charge carriers: electrons

and holes. A hole is the absence of an electron. Because these carriers have

opposite charge, they move in opposite directions through the device. Once

they meet, they form an exciton, a combined electron - hole pair. This pair

recombines, and when that happens it may emit a photon. At least one of

the electrodes is made transparant in order to allow the photon to leave the

device.

The organic material of an OLED can be all of the same type. This

is called a single-layer OLED. Single-layer OLEDs are typically used for

research purposes; for instance studying the charge transport. Multi-layer

OLEDs are used for practical applications. They consist of two or more

layers, each made of a different material. Typically there are several layers

for recombination and light emission in different colours, transport layers,

and blocking layers that prevent the transport of carriers.

Electroluminescent light in organic semiconductors has been observed for

the first time in the 1960’s [1, 2]. In 1987 Tang and VanSlyke have construc-

ted the first double-layer OLED [3]. In this device the first organic layer

is made of aromatic diamine and the second is made of 8-hydroxyquinoline

aluminium (Alq3). It is much more efficient than the devices previously con-

structed. In 1990, the first OLED prepared with conjugated polymers has

been made by Burroughes et al. [4]. Since this time new research has let to

better understanding of the working principles of OLEDs and to improved

5
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OLED designs.

Figure 1.1: OLED’s can be made flexible.

Nowadays OLEDs are used for two different types of applications: dis-

plays and lighting applications. OLEDs are used as displays in devices like

mobile phones, TVs, digital cameras etc. OLEDs have various advantages

with respect to LCDs in the sense that they do not need a backlight and the

viewing angle is much larger. OLEDs can be made flexible (see figure 1.1)

which allows for new devices. OLEDs, when used in lighting applications,

are much more efficient than incandescent light sources. Incandescent light

bulbs have efficiencies of about 10 - 20 lm/W, while OLEDs can reach an

efficiency of 100 lm/W. This is still much lower than the efficiency of inor-

ganic LEDs: about 200 lm/W. Nowadays it is an important issue to increase

the efficiency of OLEDs. The lifetime of OLEDs is much better than that of

incandescent light sources. Nowadays the lifetime of blue emitting OLEDs

has reached more than 20,000 hours, while the lifetime of OLEDs emitting

other colours is still much higher. It is expected that the importance of

OLED devices will increase in the near future.

1.2 Modelling

The functioning of OLED devices is better understood by constructing

physical models based on experimental results. Then numerical simulations,

based on these models, can be used to calculate the relevant processes like

charge transport and recombination.
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Unlike inorganic semiconductors, the charge carriers (both electrons and

holes) are localised at specific sites in organic semiconductors. Charge trans-

port takes place by a process called hopping. A carrier hops from one site

to the next. The energy associated with the sites is different for each site.

This phenomenon is called disorder. More information about this subject

can be found in chapter 2.

The very first numerical simulations of hopping transport of a single

carrier in an OLED, in which the energy of the sites follows a Gaussian

probability density, have been made by Bässler et al. [5]. Gartstein and

Conwell have found that if the site energies are spatially correlated the

results of experiments can be explained better [6]. It is found that the

mobility of the charge carriers in both cases depends on the strength of

the disorder (i.e. the variance of the energy of all the different sites) and

the electric field. Phenomenological models for the behaviour of the mobility

have been derived for both cases, which show this dependence. These models

are called the Gaussian disorder model (GDM) and the correlated disorder

model (CDM) respectively. However these models are only valid in the limit

of small carrier densities. Pasveer et al. have found how the mobility of the

carriers depend on the concentration of the carriers [7]. This has led to the

extended Gaussian disorder model (EGDM), that describes this dependence.

A similar extension has been made for the CDM by Bouhassoune et al. [8],

leading to the extended correlated disorder model (ECDM).

The charge transport through an OLED device can be calculated with

the one-dimensional continuum drift-diffusion equation (see chapter 2). This

equation describes the relation between the charge density and the electric

field on one hand, and the current density on the other. The current density

depends on the mobility of the charge carriers. The models mentioned above

can therefore be used in the drift-diffusion equation. The relation between

the current density through the device and the potential difference between

the electrodes can then be found by solving the equation.

1.3 This project

The one-dimensional continuum drift-diffusion equation together with

the EGDM can predict the current density as a function of voltage quite

well in most cases. However if the disorder strength is too large, the current

density cannot be predicted accurately [9]. This is caused by the filamentary

character of the current, which means that sometimes most of the charge

carriers follow the same path through the device. Therefore some of the

sites conduct most of the current. A three-dimensional model is needed to

simulate this phenomenon.
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The second problem is that none of the models takes the time dependency

of the mobility into account. Once a charge carrier is introduced into an

OLED device, its mobility gradually decreases over time. This is called

the relaxation of the mobility. The relaxation is important in situations

in which the current density has not reached equilibrium. This is the case

in dark injection experiments. In these types of experiments, the voltage

between the electrodes is instantaneously increased. The response of the

current density is then measured. It has been found that current density

response of dark injection experiments is not predicted accurately with the

1D drift-diffusion equation and the EGDM [10].

In this project dark injection experiments are simulated using a three-

dimensional model. Two different methods are used for the simulations:

Monte Carlo and three-dimensional master equation simulations. Inform-

ation about the experiment and these methods and their implementation

can be found in chapter 2. In chapter 3 the results of the simulations are

presented and discussed. The conclusions and an outlook can be found in

chapter 4.



Chapter 2

Theory and methods

2.1 Introduction

The OLED devices considered in this study consist of a single layer of

the orgainc semiconductor polyfluorene - triarylamine (PF-TAA), placed

between two electrodes. The devices are constructed such that only holes

are conducted because only charge transport is studied.

Various experimental techniques can be used to study the properties of

an OLED device. A dark injection (DI) experiment is one of them. In

this type of experiments a voltage is applied to an OLED device until a

steady state is reached. Then the voltage is instantaneously increased. The

current density reacts on this increase, but with a time delay and thus it

takes some time before a new steady state is reached. The response of the

current density on the increase of the voltage is measured. The mobility

of the charge carriers can be determined from this result. Other types of

experiments can result in different values of the mobility, because in general

the mobility depends on the carrier density, the temperature and the electric

field. In this study numerical simulations of DI experiments are made. The

results are compared with the experimental results obtained by Schaefer

[10].

2.2 Energy levels in organic semiconductors

The semiconducting organic material of an OLED device has a bandgap

of a few electronvolts. The Lowest Unoccupied Molecular Orbital (LUMO)

acts as the conduction band of the electrons. Likewise, the Highest Occupied

Molecular Orbital (HOMO) acts as the valence band of the electrons, or the

conduction band of the holes. The electrodes are metallic which means that

the charge carriers in conduction have energies larger than the Fermi level.

9
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The Fermi levels of the anode and the cathode might be different, depending

on the used metal. The built-in voltage (Vbi) is the difference between the

Fermi levels of the cathode (EF,c) and the anode (EF,a):

Vbi = EF,c − EF,a (2.1)

The Fermi levels of the electrodes can be different from the HOMO or LUMO

energies of the adjacent layer. The difference between the Fermi level of the

anode and the HOMO energy or the difference between the Fermi level of

the cathode and the LUMO energy are called injection barriers (∆) of the

holes or the electrons. The barriers are defined as

∆ = ELUMO − EF for electrons, (2.2a)

∆ = EF − EHOMO for holes, (2.2b)

with ELUMO and EHOMO the LUMO and HOMO energy levels of the or-

ganic material and EF the Fermi level of the electrode concerned.
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Figure 2.1: An energy level diagram for holes in an OLED device showing
the labels of the different features. In this case a finite potential difference
V is applied between the electrodes. The injection barriers are labeled ∆a

and ∆c at the anode and cathode respectively. The elementary charge unit
is named e.

In figure 2.1 the energy levels for holes are illustrated. The injection

barriers at the anode and the cathode are labeled ∆a and ∆c respectively.

The applied potential V determines the difference of the energy levels in the

anode and cathode. If the applied potential is lower than the built-in voltage,

it is very difficult to conduct any current inside the organic material, because

in that case the potential energy for holes closer to the cathode increases.
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2.3 Charge transport in organic semiconductors

In this section the theory of charge transport in an OLED device is ex-

plained. First the continuum drift diffusion equation is introduced, which

leads to some of the most important features in dark injection current re-

sponses (transients). However the nature of the charge transport is neglected

by this theory, namely the localisation of charge carriers to specific sites and

the charge transport (hops) from one site to the next are ignored. This is

explained in the following sections.

2.3.1 The continuum drift diffusion equation

In a dark injection experiment, first a starting voltage is applied to the

OLED device. This starting voltage is below the built-in voltage. After a

steady state situation has been reached, the voltage is increased to a final

value V0 above the built-in voltage, which leads to a flow of current. Consider

a single carrier type device (holes only or electrons only). In the continuum

drift-diffusion equation, the conduction current density Jc is given by:

Jc(x, t) = en(x, t)µ(x, t)F (x, t)− eD
dn(x, t)

dx
, (2.3)

with x the position (the distance from the anode), t the time, n(x, t) the

charge carrier density, µ(x, t) the mobility of the charge carriers and D the

diffusion coefficient. The mobility is defined as:

µ =
Jc
enF

. (2.4)

Equation (2.3) can be solved under the following assumptions: the mobility

µ does not depend on time or position, diffusion is neglected (D = 0), the

injection of charge carriers is ohmic (no injection barriers) and there is no

built-in voltage.

As shown in figure 2.2a, after the increase of the voltage from V = 0

to V = V0 at t = t0 = 0 the current density does not immediately reach its

steady state value. The response of the current density has been solved under

the above mentioned assumptions by Many and Rakavy [11]. The current

density response, which is shown in figure 2.2b, is the sum of the conduction

current density and the displacement current density (Jt = Jc + Jd).

At t = t0 the device is empty. Charge carriers are continuously injected

into the device, limited only by the space charge. At t0 a finite amount of

charge carriers is instantaneously injected. This causes a stepwise increase

of the current density. Then the current density steadily increases by the

injection of additional charge towards a peak value at t1 = 0.787tf , with tf
the transit time of a carrier in the absence of space-charge effects. At t1
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Figure 2.2: The voltage step and current response as calculated by Many
and Rakavy [11].

the first carriers reach the collecting electrode and the device contains the

maximum amount of space charge. The space charge limits the injection of

new carriers. Therefore more carriers are collected than injected leading to

a decrease of the amount of carriers in the device and the current density.

At t2 = 1.915t1 the last excessive carriers injected at t0 reach the collecting

electrode. Shortly after t2 the current density reaches its steady state value.

More charge carriers are present in the device at t1 than in the steady

state, because the conditions for injection of the charge carriers are more

favourable before t1 than afterwards. In other words around t1 the injection

of charge carriers is more limited by the space-charge than at any other

time. This results in an undershoot of the current density at time t2 before

the final steady state current density is reached.

When the steady state has been reached at V = V0, equation (2.3) can

be used together with the continuity equation and Gauss’s law to calculate

the position dependence of the charge carrier density in the device, under

the assumptions mentioned before. The charge density can be written as:

n(x) =
n0

√

1 +
2µe2n2

0

ǫ0ǫrJ0
x
, (2.5)

with n0 the carrier density closest to the injection electrode, ǫ0 the vacuum

permittivity, ǫr the relative permittivity of the material and J0 the current

density in the device. The carrier density has its highest value closest to the

injecting electrode while it decreases at longer distances.

Note that in a real OLED device diffusion cannot be neglected as has

been done here. The mobility depends on time because of relaxation effects

(see section 2.3.4) and on the charge carrier density. This leads to a different
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current transient Jt(t). However the peak in the current density is still

visible.

2.3.2 The density of states

The transport of holes in an OLED takes place around the HOMO level

and the transport of electrons around the LUMO level. Unlike inorganic

semiconductors there is no band formation in organic semiconductors due to

their disordered structure [12]. Absence of a lattice structure and a periodic

potential leads to localised quantum states called sites. Charge carriers

use quantum tunneling for moving from one site to the next. Site energies

depend on inter- and intramolecular interactions which are surely different

for each site. The density of states (DOS) for the site energies is assumed

to be a Gaussian centered around the HOMO level (for holes) or the LUMO

level (for electrons) and is written as [5]:

g(E) =
Nt√
2πσ

exp

[

− E2

2σ2

]

, (2.6)

with E the site energy, Nt the site density and σ the width of the DOS.

The fact that all sites have a random on-site energy determined by the

DOS is called energetic disorder. A Gaussian DOS seems a good choice

based on absorption spectra of organic semiconductors [5]. The width σ

has typical values between 50 - 150 meV. In this study the positions of the

sites form a cubic lattice with a lattice constant of a = N
−1/3
t . The use of a

regular lattice structure is a computational convenience, which might lead

to incorrect conclusions if the positional disorder (the deviations of the site

positions from the lattice) is large. The positional disorder of the organic

semiconductors considered in this study is too small to affect the results of

the simulations.

2.3.3 Hopping rates

The conduction of electrons and holes takes place by thermally stimu-

lated tunnelling or hopping from one localised site to the next. The rate of

this hopping depends on the overlap of the electronic wavefunctions of the

two sites. If a charge carrier hops to a site with a different on-site energy, the

energy difference is absorbed or emitted by use of a phonon. In this study,

two different formalisms for the hopping rate are used; Miller-Abrahams

hopping and Marcus hopping.

Miller-Abrahams hopping

According to the Miller-Abrahams formalism [13], the hopping rate is:
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Wij = ν0MA
exp

[

−2α |Rij | −
∆Eij

kBT

]

for∆Eij > 0, (2.7a)

Wij = ν0MA
exp [−2α |Rij |] for∆Eij ≤ 0, (2.7b)

where ν0MA
is an intrinsic rate determined experimentally, α is the inversed

locatisation length of the localised wave functions, kB is the Boltzmann

constant, T is the temperature and |Rij | is the distance between sites i and

j. If an electric field F is applied in the x-direction, the energy difference

∆Eij between site i and j is given by:

∆Eij = Ej − Ei − eFRij,x, (2.8)

with Ei and Ej the on-site energies of sites i and j respectively, e the unit

charge and Rij,x = a(jx − ix) the distance in the x-direction between sites

i and j.

In equation (2.7) the factor exp [−2α |Rij |] is the probability of quantum

tunnelling between two sites of equal energy. It is also the probability of a

hop to a site with a lower energy. A hop to a site with a higher energy has to

be thermally induced and is less probable. The probalility is decreased with

the Boltzmann factor exp
[

−∆Eij

kBT

]

. It means that at higher temperatures

these hops become more probable.

Marcus hopping

A charge carrier on a site influences the atoms and surrounding charge

or electron clouds around it. This lowers the energy of the site. The result

is that the charge carrier is located inside a potential well caused by its own

presence. If this effect is not negligible, it is more appropriate to use Marcus

hopping [14]. The rate is defined as:

Wij = ν0Mc

√

π

ErkBT
exp

[

−2α |Rij | −
(Er +∆Eij)

2

4ErkBT

]

. (2.9)

Here Er is the reorganisation energy. The reorganisation energy consists of

intra- and inter-molecular contributions. The intramolecular reorganisation

energy is due to the change of the equilibrium geometry of sites i and j

caused by the hopping of the charge carrier. The intermolecular reorgan-

isation energy is due to the polarisation and relaxation of the surrounding

molecules. In most cases the intermolecular contribution to the reorganisa-

tion energy is negligible compared to the intramolecular contribution. The

calculated value of the intramolecular reorganization energy of triarylamine
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is between 0.1 eV and 0.2 eV [15, 16]. The intrinsic rate ν0Mc
differs from

ν0MA
in Millar-Abrahams hopping (with also a different dimension).

2.3.4 Relaxation of the mobility of charge carriers

The average on-site energy of charge carriers in a lattice of sites with an

energetic disorder decreases in time to a thermodynamic equilibrium value.

This is called the relaxation of charge carriers and has also an effect on the

current density of a device in which carriers are injected.

Single carrier mobility relaxation

At thermodynamic equilibrium the on-site energy of carriers in a lattice

with energetic disorder can be calculated by [5]:

< E∞ >= lim
t→∞

< E(t) > =

∫∞
∞ Eg(E) exp

[

− E
kBT

]

dE

∫∞
∞ g(E) exp

[

− E
kBT

]

dE
= −σ̂σ, (2.10)

with

σ̂ =
σ

kBT
, (2.11)

and g(E) is the DOS (2.6). The parameter σ̂ is called the disorder strength.

The process of relaxation of charge carriers can be described as follows:

the hopping behaviour of charge carriers can be treated as a random walk.

The charge carriers have a preferential direction under the influence of an

electric field. Immediately after the injection of a carrier it has on average

the highest on-site energy. This carrier can therefore easily hop to another

site with a higher or lower on-site energy. However hops to sites with a

lower on-site energy are more probable, because the rates for these hops are

higher. Therefore the average on-site energy of the carrier decreases with an

increasing number of hops. If the carrier arrives at a site with a low on-site

energy, most neighouring sites probably have a higher on-site energy, which

makes a hop to a site with a higher on-site energy more likely. These hops

have a lower hop rate, which is why the low-energy sites are called trap

sites. Therefore also the mobility of the carrier decreases with an increasing

number of hops, until eventually a thermodynamical equilibrium is reached.

The multiple-trapping model (MTR) by Noolandi describes the same

process by using a high energy conduction level Ec and multiple trapping

levels with lower energy [17]. Some of the carriers in the device take part

in the conduction of current on the Ec energy level, while the other carriers
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are trapped at lower energy trapping levels. It is also possible that carriers

on the conduction level get trapped while carriers on the trapping levels are

released to the conduction level. The results of the MTR are confirmed by

Monte Carlo simulations [18].

Effect of relaxation on charge transport

In a DI experiment the mobility of charge carriers relaxes after the in-

jection into the device. This is a random process; some carriers relax faster

than others, which leads to dispersion. The peak in the current density

described in section 2.3.1 looks less pronounced in a real OLED device, due

to this dispersion.

The relaxation of the current density takes longer if the disorder strength

σ̂ is larger, because the average hopping rate is lower if the disorder strength

is larger. Furthermore at a larger disorder strength more low energy sites

are available, which means that during the relaxation more charge carriers

are trapped on these sites, which also decreases the hopping rate.

2.4 The three dimensional model

A three dimensional model has been made for simulating the hopping

of charge carriers in an OLED device. The sites are modelled as a cubic

lattice with lattice constant a. Only nearest neighbour hopping is simu-

lated, which means that from each site 6 different hops are possible. The

lattice has NT = Nx ×Ny ×Nz sites, with the electric field applied in the

x-direction. If the electrodes are also simulated, they are situated at ix = 0

and ix = L = Nx + 1. The y- and z-directions have periodic boundary con-

ditions, while for the x-direction this depends on whether the electrodes are

simulated or not. If the electrodes are simulated, the model assumes an

infinite reservoir of charge carriers in the electrodes. It means that a charge

carrier is always present in the electrode and able to hop into the device.

The hopping rates depend on the distance between the sites and the dif-

ference between the on-site energies of the sites. Since the sites form a cubic

lattice, the distance between the sites is the same and therefore uneffective.

The energies of the sites Ei have a random value Erand determined by the

DOS (2.6). The electrostatic potential EΦ due to the charges inside the

device is added to this energy:

Ei = Erand + EΦ (2.12)

When calculating the difference between the on-site energies, the energy

difference due to the electric field is added spearately (2.8). An energy
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difference due to an injection barrier is also added if necessary.

2.5 Three dimensional master equation

In this study two different methods are used for calculating the (time

dependent) hopping of carriers in an OLED device and the associated cur-

rent density and charge density. In this section the three dimensional master

equation method (3DME) is explained, while in the following sections the

Monte Carlo method is explained.

The 3DME calculates the probability that a site is occupied by a charge

carrier. As described by Pasveer et al. [7] and van der Holst [19], the master

equation is given by:

dpi
dt

= −
∑

j 6=i

[Wijpi(1− pj)−Wjipj(1− pi)], (2.13)

with pi the occupational probability of site i and Wij the hopping rate from

site i to site j. The hopping rate Wij is given by equation (2.7) or equation

(2.9). The sum is taken over all sites j neighbouring site i. Charge carriers

can hop to the 6 nearest neighbours. The particle current from site i to j

is:

Jij = Wijpi(1− pj). (2.14)

Of course, (1−pj) is the probability site j is not occupied. A charge carrier

cannot transfer to a site that is already occupied because of the Coulomb

repulsion. The total current density in the x-direction, the direction of the

electric field, can be calculated as follows:

J =
e

NTa3

∑

i,j

Wijpi(1− pj)Rij,x, (2.15)

The pi have to obey the following condition:

∑

i

pi = NTa
3n, (2.16)

because the occupational probability of all sites added together is equal to

the total number of carriers. In a steady state situation, dpi/dt = 0 and the

master equation becomes:

0 = −
∑

j 6=i

[Wijpi(1− pj)−Wjipj(1− pi)]. (2.17)

This equation is solved in an iterative way. The initial values of pi are
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calculated with the Fermi-Dirac distribution.

The first step in a dark injection simulation is to use equation (2.17) to

calculate the steady state situation in the device at the start voltage. Next,

the voltage is increased and equation (2.13) is solved numerically. The time

evolution of the current density is then calculated with equation (2.15).

The 3DME method has two disadvantages, namely possible correlations

between occupational probabilities of different sites are neglected, and Cou-

lomb interactions cannot be taken into account correctly. Monte Carlo sim-

ulations do not have these problems.

2.6 Monte Carlo simulations

The second method for calculating the hopping of charge carriers in an

OLED device that is used in this study is the Monte Carlo method.

Monte Carlo simulations are widely used in computational physics. The

method is named after the famous casino of Monte Carlo, Monaco. Physical

processes can be simulated with numerical models. Sometimes however, the

initial values of the processes are not exactly known. If the probability dis-

tributions of these values are known, a Monte Carlo simulation is possible.

A Monte Carlo simulation is a numerical procedure in which the outcome

depends on at least one random variable [20]. In general, a Monte Carlo

simulation consists of the following steps: 1. determine the probability dis-

tributions of the input variables. 2. Assign a random number, drawn from

the appropriate probability distribution, to each input variable. Usually

these numbers don’t need to be truly random. They are pseudorandom,

which means they are deterministic, but they have certain properties of ran-

dom numbers. 3. Simulate the physical process for these input values. 4.

Repeat the simulation with different initial values. The outcomes of the

simulations follow a certain probability distribution because they depend on

the values of the initial variables. 5. Process the results of the simulations.

For instance, calculate the average of the desired output variables. The error

in the results of Monte Carlo simulations decreases proportional to 1/
√
N

with N the number of simulations.

2.6.1 Monte Carlo simulations of charge transport

The model described in section 2.4 is implemented as a Monte Carlo

simulation to simulate charge transport in OLED devices, as described by

van der Holst [19]. Since the charge transport is modelled, the electrodes

are included in the model. An infinite amount of image charge carriers in

the electrodes are needed for each charge carrier in the device (between the

electrodes) to keep the electrostatic potential of the electrodes on the correct
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value1. In practice 10000 image charge carriers are more than sufficient. In

contrast with the 3DME method, in MC simulations it is possible to calcu-

late the Coulomb interactions between the charge carriers exactly. However

this would cost a huge amount of calculation time, thus only Coulomb in-

teractions within the range of the cutoff radius RC are calculated exactly.

These interactions are called short range Coulomb interactions (SRCI). In-

teractions over longer distances are layer-averaged, which means that the

average charge per site of all sites with the same x-coordinate is calculated,

after which the electrostatic potential of this layer is calculated.

The rate at which a hop between two sites takes place depends on the

energy difference between those sites. In these simulations, two different

formalisms are used: the Miller-Abrahams formalism (2.7) and the Marcus

formalism (2.9). Marcus hopping is physically more realistic because it

takes the reorganisation energy into account, but it is also more difficult to

implement.

The model is solved by executing only one event at a time. The events,

that are either hops between organic sites or injection or collection hops,

are executed at consecutive time steps. The computational time steps are

defined by the corresponding events. Each hop is randomly chosen from all

possible hops. The probability of a particular hop Hij from site i to j is

given by:

P (Hij) =
Wij

Wtot
, (2.18)

with Wtot the sum of all hopping rates Wij :

Wtot =
∑

{k,m}

Wkm. (2.19)

The hopping time tij for this hop is randomly chosen from the following

probability distribution:

P (t) =

{

Wtot exp [−Wtott] if t ≥ 0,

0 if t < 0.
(2.20)

The number of hops in the direction of the electric field (x+) and the number

of hops in the opposite direction (x−) are counted. The current density

inside the device can be calculated from this data and from the elapsed time

since the start of the counting (t). It can be formulated as:

1In the simulation model the image charges can be shifted away from the device in
order to simulate non-metallic electrodes.



20 CHAPTER 2. THEORY AND METHODS

Jc =
e (x+ − x−)

tLNyNza2
. (2.21)

The mobility of the charge carriers can be calculated from the current density

by using equation (2.4).

2.6.2 Time-dependent simulations

It is possible to make a steady state simulation for an OLED device

using the Monte Carlo program described in section 2.6.1. To do that first

the device has to be equilibrated, because the random nature of MC should

not destroy the final results. This can be judged by looking at for instance

the current density or charge distribution inside the device. Then run a

measurement simulation with enough hops to reach reliable statistics. The

steady state simulations make for instance the calculation of I,V -curves

possible.

This method is not applicable if simulations with a non-steady-state

situation like for instance a dark injection transient are required. In order

to make time dependent simulations the total simulation time needs to be

divided into intervals. Then the average current density in each interval is

calculated. This is done in the following way: first at the start of an interval

the number of downfield hops (x+ − x−) is set to zero. Then the number of

downfield hops in this interval is counted. Next the average current density

is calculated with equation (2.21) and at the beginning of the next time

interval the number of downfield hops is again set to zero.

The length of the intervals is important. It should not be too long,

because that makes is more likely that important features of the current

density are missed. The length of the intervals should not be too short,

because this increases the amount of noise in the current density. For the

dark-injection simulations it is necessary to choose the length of the intervals

proportional to the total time that has already passed. This allows a good

time resolution at short time scales while it also decreases the noise level at

large time scales significantly (see appendix A.1).

2.6.3 Monte Carlo simulations of the relaxation of the mo-

bility of holes

The Monte Carlo simulations can also be used to simulate the relaxation

of the mobility [19]. In the relaxation simulation there are no electrodes.

Only Miller-Abrahams hopping is implemented in the model. The charge

carrier density can be controlled and remains fixed during the simulation.

In this project only one carrier is used, which also means that there are no
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Coulomb interactions.

At the start of the simulation, the charge carrier is placed at a random

site in the device. During the simulation it moves in the direction of the

electric field. The current density in the device can be calculated from

the time-dependent total distance x(t) that the carrier has moved in the x-

direction. The time intervals after which the distance is stored are increasing

exponentially (see appendix A.2). The current density in the device can be

calculated by

Jc (tk) =
e

2NTa3

[

x(tk+1)− x(tk)

tk+1 − tk
+

x(tk)− x(tk−1)

tk − tk−1

]

, (2.22)

with k the index of the data point. This simulation is repeated with different

starting sites of the carrier and different disorder configurations. The final

result is obtained by averaging over these simulations. Equation (2.4) is

used to calculate the mobility.
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Chapter 3

Results and discussion

3.1 Introduction

The study of dark injection transients is performed with two different

techniques: Monte Carlo (MC) simulations and three dimensional master

equation (3DME) simulations. The MC simulations are more physically

realistic, because they can include short range Coulomb interactions (SRCI).

However it is found that MC simulations take about 100 - 1000 times more

CPU time than the corresponding 3DME simulations. An extensive numer-

ical study to DI transients is therefore only possible with the 3DME method,

on the condition that it yields similar results as the MC simulations. This

chapter first focuses on MC simulations; the 3DME simulations are com-

pared with them later. DI simulations are performed on a model device

with a thickness of 22 nm, introduced by Van der Holst et al. [21], which

can help to understand the physics involved. This device is called ’device

A’. Next an experimental device is introduced (’device B’), which allows a

comparison between the experiments and the simulations. It is then pos-

sible to judge to what extent the model describes the reality. Finally the

relaxation of the mobility of a single carrier is simulated.

3.2 Device A: Monte Carlo simulations of Dark

Injection

The thickness of device A is 22.4 nm and it has lateral dimensions of

80 nm by 80 nm. In the MC simulation the lattice consists of 13 sites

along the x-direction and 50 sites along both the y- and z-directions with

a lattice parameter of 1.6 nm. In addition, the inverse localisation length

of the localised wave functions is α−1 = 0.16 nm. The relative electric per-

mittivity is ǫr = 3.0, the cutoff radius for short range Coulomb interactions

23
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is RC = 8a and the width of the DOS is σ = 0.075 eV, unless otherwise

specified. The simulated temperature is T = 300 K, leading to a disorder

strength of σ̂ = 2.9. The intrinsic rate ν0 is set to 3.5 · 1013 Hz. The only

charge carriers in this device are holes and there are no injection barriers.
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Figure 3.1: DI transient of device A calculated by MC simulations. The
starting voltage is 0 volts and the end voltage is 2 volts. A peak is observed
at 2 · 10−4 s.

Figure 3.1 shows the simulated DI transient of this device. First the

charge density distibution in the device is put into steady state at 0 V.

Despite the absence of an electric field, charge carriers can hop into the

device due to diffusion. Then the voltage difference between the electrodes

is instantaneously increased to 2 V, while the charge carrier transport is

monitored.

Figures 3.1, 3.2 and 3.3 have been made by calculating the average of

the results of 100 different simulations, divided between 10 different dis-

order configurations. The error bars represent the statistical error of this

average, but they do not include uncertainties introduced by the disorder

configurations or the intrinsic rate.

At 2 · 10−4 s a peak in the current density is observed. This is the

peak that is predicted in section 2.3.1. It corresponds to the time that is

necessary for the very first holes injected at t = 0 to reach the cathode. The

slight dip immediately after the peak is not visible, which is probably due

to dispersion.

Figure 3.2 shows the charge density distribution in the device as a func-



3.2. DEVICE A: MC SIMULATIONS OF DI 25

distance to anode (nm)

ch
ar

ge
 d

en
si

ty
 (M

C
 m

-3
)

time
 (s)

Figure 3.2: Charge density profile of a DI simulation of device A calcu-
lated by MC simulations, corresponding to figure 3.1. The density increases
throughout the the device between 1 · 10−5s and 5 · 10−4 s, except close to
the electrodes where a different behaviour is observed.

tion of time and distance. The hopping of holes is observed by the slight

increase of the density throughout the device around t = 10−4 s.

At t = 0, before the potential difference has been switched to 2 volts,

the charge density is relatively large close to the electrodes. These holes

are injected into the device by diffusion. This is eventually stopped by

electrostatic forces that prevent new holes to enter the device. After the

potential difference has been switched to 2 volts, most of the holes close to

the cathode are collected. At the anode however, new holes are injected

into the device, which leads to a higher charge density close to the anode.

This continues until a new steady state has been reached; with a constant

current density throughout the device. The final charge density distribution

is the result of both diffusion and drift current. The injection and collection

of charge carriers close to the electrodes is an important reason for the high

current density at very small time scales.

The charge carrier transport is observed more clearly in figure 3.3, which

shows the current density distribution as a function of time. The hopping of

the holes is observed as a ’wave’ of the current density. The current density

has its largest value when the first holes hop through the device, but it
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Figure 3.3: Current density profile of a DI simulation of device A calculated
by MC simulations, corresponding to figure 3.1. The current density is
especially high close to the electrodes at short time scales, while around
10−4 s a ’current wave’ is observed.

decreases to a steady state value afterwards. At increasing distance from

the injector the height of the ’wave front’ decreases by dispersion.

The steady state charge densities close to the electrodes depend strongly

on the potential difference between the electrodes. A higher potential differ-

ence leads to a higher charge density close to the anode and a lower charge

density close the the cathode. This happens because the injection rate at the

anode increases with an increasing voltage while at the cathode it decreases.

At increasing voltages the effects of drift current become increasingly dom-

inant with respect to the effects of diffusion current.

Once the charge density distributions close to the electrodes approach

their steady state values, the high current density at the very beginning

drops fast. At the same time holes move throughout the device, which

leads to an increase of the current density (see section 2.3.1). Therefore the

current density reaches a minimum dip before the peak and the steady state.

In this device the dip occurs at 5 ·10−5 s. From now on the word ’dip’ refers

to this behaviour of the current density.
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3.3 Charge density distributions

Figure 3.4 shows steady state hole density distributions of device A for

four different calculations. These steady states are obtained by running

the simulations for a long enough time such that the hole densities remain

stable. The distribution labeled ’2V’ shows how the holes are distributed

in the device if a potential difference of 2 volts is applied. As explained

before, the largest densities are found close to the electrodes. In the middle

of the device, the hole density is decreasing with increasing distance from

the injector, which is predicted by equation (2.5). The irregularities (or

noise) in the distribution are inherent to MC simulations and are caused by

the specific disorder configurations that are used. A fit of this distribution,

which is also shown in figure 3.4, yields the mobility in the middle of the

device µ = (7.0± 0.5) · 10−13 m2V−1s−1. Since this value of the mobility

would lead to a peak time of (3.6± 0.3) · 10−4 s−1, it is reasonable. The

difference with the actual peak time is due to the relaxation of the mobility.

The fit is obtained by using equation (2.5), which does not take diffusion

into account. Therefore the charge density between 6.4 nm and 16 nm is

used to obtain the fit, because here the density is not significantly affected

by diffusion. Close to the electrodes the deviation of the real charge density

from the fit, caused by diffusion, can be observed.
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Figure 3.4: Stable charge density distributions in device A at 2 volts and
0 volts. A fit of the distribution at 2 volts is made with (2.5), which yields
mobility µ = 7.0 · 10−13 m2V−1s−1. Also the charge densities of σ = 0 eV
and ∆a = ∆c = 0.33 eV, calculated at 2 volts are shown. With the exception
of the fit, all curves show the diffusion of charge.
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The distribution ’0V’ shows the situation if no potential difference is

applied. This is of course a symmetric situation. Holes are injected into the

device by diffusion only, since there is no external electric field. Eventually

the charge accumulation prevents new charge to be added, leading to this

steady state. Almost no holes are able to reach the middle of the device,

because there is no drift current. In the steady state situation, there is no

net current anywhere in the device.

The distribution labeled as ’σ = 0 eV’ shows the hole density distribution

if there is no disorder present and under an applied potential difference of

2 volts. Although this is not a valid physical picture, it shows the effect

of disorder on the charge density distribution. The lower amount of charge

density close to the cathode is due to the fact that there are no sites with

a low on-site energy where holes could be trapped. It does not mean that

there is no diffusion in this situation, only that the diffusion length is smaller.

Close to the anode there still is a higher hole density, as explained by (2.5).

The distribution in figure 3.4 labeled as ’∆ = 0.33 eV’ shows the effect

of injection barriers introduced at both of the electrodes under an applied

potential difference of 2 volts. The injection barriers reduce the diffussion of

holes into the device. This happens because the hopping rate for injection

is reduced, while the rate for collection is not affected. Close to the center

of the device the hole density is very similar but somewhat smaller than in

the situation without injection barriers. This is understandable because the

anode injection barrier limits the injection of holes.

3.4 Monte Carlo and 3D Master Equation: effects

of barriers and short range Coulomb interac-

tions

Figure 3.5 shows the results of DI simulations of device A with and

without injection barriers defined at both electrodes. In both cases the

simulations are done with and without SRCI. When SRCI are not neglected,

the cutoff radius is set to RC = 8a. These four simulations are all done by

the Monte Carlo method. Figure 3.5 also shows the results obtained by

the three dimensional master equation method with and without injection

barriers. All results are in good agreement with the steady state calculations

of ref. [21].

In the 3DME method Coulomb interactions are not taken into account

because with this method the time-averaged occupational probabilities of the

sites are calculated. This is why the 3DME simulations results correspond

very well to the MC results with no SRCI. The MC results that take the

SRCI into account are significantly different for both the magnitude of the
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Figure 3.5: Simulated DI transients of device A, with and without SRCI,
and with and without injection barriers. Both the results of MC and 3DME
are shown. The dip becomes wider with injection barriers.

current and the dip position. The SRCI are therefore important for this

device.

The current density is lower if there is an injection barrier, as it limits

the injection of holes. In the case without injection barriers the current

density is higher when there are no SRCI. This is explained by the fact that

SRCI prevent charge carriers from always following the most favourable

path (with the highest hopping rates), because trapped carriers can block

this path by repelling other carriers. The behaviour is not observed if the

device has barriers of ∆ = 0.33 eV, because now the hole density close to the

electrodes is much smaller (see figure 3.4). In this situation trapped carriers

prevent other carriers to get trapped in their vicinity because of Coulomb

repulsion, which leads to more space for moving carriers to pass, allowing

higher current densities [21].

Injection barriers and SRCI have no effect on the peak of the transient

as it stays constant around 2 ·10−4 s. However the dip is wider for the device

with the barriers, which means that the relaxation of the high current density

at small time scales is faster. This is caused by the lower charge density close

to the electrodes.
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3.5 Comparison of the hopping rates in device A:

Miller-Abrahams versus Marcus

Until now, all simulations have been using the Miller-Abrahams (MA)

hopping formalism. However the Marcus hopping formalism is physically

more realistic, because it takes the reorganisation energy into account. There-

fore a comparison has been made between the DI transients of these two

formalisms, which is shown in figure 3.6. The simulations have been calcu-

lated with the MC method. The figure shows in addition to the DI transient

calculated with the MA hopping rate also two different DI transients cal-

culated with the Marcus hopping rate, each with different reorganisation

energies. The values of the reorganisation energy are taken as 0.1 eV and

0.2 eV, which should be close to the reorganisation energy of triarylamine

[15, 16]. The intrinsic rate ν0 has been modified to match the steady state

current density obtained by the Miller-Abrahams formalism.
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Figure 3.6: DI current transients of device A, simulated by the MC
method. Results are shown for Miller-Abrahams hopping and Marcus hop-
ping with two different values of the reorganisation energy. In the Marcus
formalism, the relaxation of the high current density at small time scales
depends on the reorganisation energy.

Some differences in the peak times of the Marcus transients are observed

that are mainly due to the difference of their intrinsic rates. At Er = 0.2 eV

the relaxation of the current density is faster than at Er = 0.1 eV. The

peak time and magnitude at Er = 0.2 eV is quite close to the peak time

and magnitude as calculated by the MA formalism. However the relaxation
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of the high current density at small time scales seems faster. Although the

physics of Marcus hopping is different, there are only minor differences in the

DI transients. This is in agreement with the results obtained by J. Cottaar

et al. [22].

3.6 Device B: Monte Carlo simulations of Dark

Injection

Device B has been studied experimentally by Philips [10]. Already avail-

able data is used for a comparison with the computational model aiming

to confirm the validity of the model. This hole-only device consists of

polyfluorene with co-polymerised triarylamine. The structure of the ex-

perimental device is ( glass | ITO | PEDOT:PSS | LEP | Pd )1. The length

of the LEP is 122 nm and its surface area is 9 · 10−6 m−2. The device is

modelled as a cubic lattice with 91×50×50 number of sites along the x-, y-

and z-directions. The lattice constant a is 1.327 nm in this case and the loc-

alisation length α−1 is 0.1a. The relative electric permittivity of the material

is ǫr = 3.2. There is only one injection barrier, introduced at the cathode

(∆c = 1.8 eV), creating a built-in voltage of 1.8 V. The width of the DOS

is 0.122 eV and the temperature is 295 K, unless otherwise specified. This

leads to a disorder strength of σ̂ = 4.8. The value of the intrinsic rate of the

MA hopping (ν0) is obtained as (2.8± 0.1) · 1018 s−1 by fitting the current

density at a potential difference of 3 volts to the experimental value.

Figure 3.7 shows the simulation results of device B. The starting voltage

is 1.5 volts. This is below the built-in voltage. After the steady state has

been reached, the voltage is instantaneously increased to 3 volts or to 12

volts. The simulations are done with both the MC method and the 3DME

method.

The results of the MC method are obtained by calculating the average of

the results of 100 different simulations, divided between 10 different disorder

configurations. As with device A, the error bars represent the statistical

errors of this average and do not represent errors introduced by the disorder

configurations or the intrinsic rate. The uncertainty in the current density

at small time scales can become large, because at these time scales the time

intervals over which the current density is averaged are small. This makes

the current density sensitive to random fluctuations. Far more than 100

simulations are needed to obtain more reliable results, which is however not

feasible because of the large amount of CPU time needed.

1LEP is the light emitting polymer. ITO (Indium Tin Oxide) is a transparent electrode.
PEDOT:PSS is a polymer mixture of two ionomers that conducts current and is also
transparent.
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Figure 3.7: MC and 3DME simulation results of DI transients of device B
at 3 volts and 12 volts. The starting voltage is 1.5 V. Both methods yield
similar results.

The results of the 3DME simulations are in good agreement with those of

the MC simulations, despite the fact that 3DME simulations neglect SRCI.

This implies that the SRCI in this device are not as important as in device

A. The extension in the geometry, as compared to device A, weakens the

effects of Coulomb interactions by introducing more available sites in the

percolating path2 of the hopping carriers. This also enables the use of the

3DME method instead of the more time consuming MC method.

3.7 Comparison between simulations and experi-

ments

The dark injection transients of device B are measured for a starting

voltage of 1.5 volts and an end voltage from 3 volts up to 12 volts [10].

The same transients are simulated with the 3DME method. The results are

shown in figure 3.8.

These transients show the same features as those of device A. There is

a peak visible in both the experimental results and the simulation results.

Figure 3.9a shows the experimentally measured and simulated values of the

time the peak occurs. The simulated times are in agreement with the exper-

2The route between the two electrodes with the highest conduction of current.
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(a) experimental results
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Figure 3.8: Dark injection transients of device B. The starting voltage is
1.5 V. (a) shows the experimental results by Schaefer [10], (b) shows the
3DME simulations of the same transients.

imental results. The peak time dependence on the voltage is well described

by the empirical fit [10], as:

tp = ξV −2.5 (3.1)

with the proportionality constant ξ = 1.3 · 10−3 V2.5 s.

However the simulated peaks look less pronounced, leading to larger

error margins. This is probably due to the slower relaxation of the current

in the simulations. The high current densities in the experimental results at

very small time scales are partially caused by the used experimental setup.

But the effect thereof disappears after a few microseconds, with a relaxation

much faster than in the simulation results.

Figure 3.9b shows the experimentally measured and simulated current

densities for each voltage. The current densities that are calculated by the

model are in good agreement with the experimental results.
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Figure 3.9: Experimental results by Schaefer [10] and simulation results
for (a) the time of the peak in the transient and (b) the steady state current
density.

3.8 Effects of the width of the DOS and temper-

ature on the current density

The relaxation time and the magnitude of the current density depend on

the disorder strength. The disorder strength (σ̂) depends on the width of the

DOS (σ), which influences the energy difference (∆Eij) between two sites,

and the temperature. The ratio of the energy difference and the temper-

ature determine the hopping rate between two sites (see equations 2.7 and

2.9). Therefore the disorder strength σ̂ = σ/kBT is the only independent

parameter in this case.
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Figure 3.10: Temperature dependence of device B with σ = 0.112 eV. (a)
shows DI transients caused by a voltage pulse from 1.5 V to 3 V. (b) shows
the steady state current density above the built-in voltage.
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Figure 3.10 shows the disorder strength dependence of device B on the

current density. The width of the DOS is 0.112 eV and the temperature

varies between 250 K and 518 K.

Figure 3.10a shows DI transients caused by a voltage pulse from 1.5 V

to 3 V. The relaxation of the current density is related to the relaxation

of single carriers. The current density at small time scales is higher with

a lower disorder strength, because at lower disorder strengths the hopping

rates are higher. For the same reason and since there are less trap sites, the

relaxation of the mobility of single carriers is faster, which in turn causes a

faster relaxation of the current density.

Figure 3.10b shows the temperature dependence of the steady state cur-

rent densities at different voltages. The (J,V)-characteristics are very similar

at different disorder strengths, except for a shift up or down in current dens-

ity caused by the disorder strength. At lower disorder strengths the mobility

of the carriers is higher because of the higher hopping rates and the smaller

density of trap sites.
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Figure 3.11: 3DME simulations of DI transients of device B for three
different values of the disorder strength σ. The intrinsic hopping rate ν0 has
been modified to obtain the same steady state current.

In section 3.7 it is shown that although the steady state current dens-

ities and the peak times are predicted well by the model, the relaxation

of the current density is not. This may be caused by the fact that the

disorder strength used in the model is too large. The disorder strength is

previously determined by steady state current measurements [23, 24]. The

EGDM has been used to model the current density, leading to the width
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of the DOS, σ = 0.122± 0.1 eV. Figure 3.11 shows the transients with the

disorder strengths of the experimental limits. Even though the dip is more

pronounced at the experimental limit of the disorder strengths, this is by

itself not enough to explain the discrepancy in the relaxation, considering

the dipping behaviour.

3.9 The non-Gaussian density of states

It has been shown in section 3.7 that the relaxation of the current density

has a less prominent dip in the simulations than in the experimental results.

Also the relaxation produced by the simulations is three orders of magnitude

slower. In addition to the effect of disorder, another explanation for these

issues might be that there is a high number of sites with low energy, lying in

the tail of the Gaussian DOS, which traps the carriers and leads to slower

relaxation. If the density of sites with these low energies is reduced, the

relaxation is expected to be faster. Therefore the DOS in the model is

modified. After the reduction in the DOS, there are no more sites with an

energy lower than a certain cutoff energy Elb. The resulting DOS has the

shape of a Gaussian, but without a ’tail’ lying at the energies lower than

the cutoff energy (see figure 3.12a). The cutoff energy is normally given as

a multiple of the width of the DOS σ.
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Figure 3.12: (a) Example of a non-Gaussian DOS. The cutoff energy is
−2σ. (b) Simulated DI transients of device B. The DOS is Gaussian with a
cutoff as indicated.

Figure 3.12b shows the simulated DI transients of device B with a cutoff

in the DOS. The intrinsic rate ν0 has been adjusted for each transient to

match the steady state current density at 3 volts of the device with no

cutoff in the DOS. The cutoff in the DOS has a significant effect on the

relaxation of the current density. The transient for Elb = −3σ shows a dip
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Figure 3.13: Simulated steady state current density of device B with the
width of the DOS σ = 0.122 eV. The results of a device with a Gaussian
DOS are plotted and compared with the results for a Gaussian DOS with
a lower bound energy of −3σ. The intrinsic rate ν0 of the device with the
non-Gaussian DOS is chosen such that the current densities are equal at 3
volts.

before the peak, as desired. Only about 1 h of the sites would be below this

cutoff energy if a regular Gaussian DOS had been considered. For the other

transients shown in figure 3.12b this number is even smaller. The cutoff also

influences the peak time. Although the peak time seems to increase with

larger cutoff energies, this effect is caused by the change in the intrinsic

rate. The localisation length of the wave functions (α), the site density (Nt)

and the disorder strength (σ̂) also need to be adjusted, which will lead to a

more reliable result, but due to time considerations this has not been done.

However since the relaxation of the current density for Elb = −3σ is about

103 times faster than for a regular Gaussian DOS, it is probable that the

DOS is non-Gaussian, with a reduced density of tail states.

Figure 3.13 shows the steady state current density dependence on the

voltage for both the Gaussian DOS and the non-Gaussian DOS with a cutoff

energy of Elb = −3σ. The difference cannot be ignored. Since the effect of

the disorder strength on the current density is mild (see figure 3.10b), device

parameters other than the intrinsic rate should be adjusted, as mentioned

before, in order to have agreement in the current-voltage characteristics.

Figure 3.14a shows simulated DI transients of device B for a non-Gaussian

DOS with a cutoff energy of Elb = −3σ. Apart from the intrinsic rate, device
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Figure 3.14: (a) 3DME simulations of DI transients of device B for a
Gaussian DOS with a lower bound energy of Elb = −3σ. (b) shows the
simulated peak times.

parameters have the same value as for the calculations using the regular

Gaussian DOS. The voltage pulse is from the initial value of 1.5 V to 3 -

12 V. It is clear from this figure that the current density relaxes faster than

in the case of the regular Gaussian DOS (compare 3.8b) for this voltage

range. However at the higher voltages the current density does not show

a dip before the peak occurs, which is not in agreement with the experi-

ment. At higher voltages the average on-site energy of sites with carriers is

higher than at the lower voltages (see section 3.11), which explains why the

DI transients at higher voltages are less affected by the cutoff energy. This

suggests that the cutoff energy may be higher.

Figure 3.14b shows the peak times of every calculated DI transient. The

empirical fit of (3.1) describes the peak time dependence on the voltage very

well. The proportionality constant is now ξ = 2.9 · 10−3 V2.5 s. Therefore

the peak times are 2.2 times higher, but their general dependence on the

voltage is the same.

3.10 Comparison of the hopping rates in device B:

Miller-Abrahams versus Marcus

Until now, all simulations of device B have used the Miller-Abrahams

hopping formalism, but the Marcus hopping formalism can also be used.

The Marcus formalism cannot be used in the same way for injection to

and collection from the electrodes as for the hops from one organic site to

another. This is because the electrodes are metallic and therefore have no

reorganisation energy, no localised quantum states and a constant potential
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on all sites, leading to image charges [14]. In the case of an injection barrier

another problem is that the carriers are not able to enter or leave the device,

because the injection or collection rates are far too low (see appendix B).

Therefore the Miller-Abrahams formalism is used for hops to and from the

electrodes.
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Figure 3.15: DI transients of device B calculated with the Monte Carlo
method. The starting voltage is 1.5 V. The end voltage is 3 V and 12 V.
The results are shown for both the Miller-Abrahams and the Marcus hopping
formalism. The intrinsic rate ν0 of the Marcus hopping is chosen such that
the steady state current at 3 volts is the same for both MA and Marcus
hopping.

The reorganisation energy is set to 0.15 eV, which is close to the reorgan-

isation energy of triarylamine. Figure 3.15 shows Monte Carlo simulations

of DI transients for 3 volts and 12 volts and for both hopping formalisms.

The starting voltage is again 1.5 volts. All device parameters are the same

for both formalisms except the intrinsic rate (ν0), to have a convenient com-

parison.

The MC results show a lot of noise, especially for 3 volts. This makes

low voltage calculations less reliable. On the other hand the DI transients

of both hopping formalisms are similar, considering the fact that the steady

state current densities are in agreement. A difference in the peak times

cannot be observed from this graph.

Comparison of the current densities obtained by the MA rate and the

Marcus rate is complicated due to the fact that the intrinsic rate is not
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the same for the two formalisms. For both formalisms, ν0 is determined

by fitting the steady state current density at 3 volts to the experimental

value of 1.4 A m−2. This leads to ν0 = (2.8± 0.1) · 1018 s−1 for the MA

formalism and ν0 = (1.3± 0.05) · 1017 eV s−1 for the Marcus formalism. In

figure 3.15 the steady state current densities at 3 volts are the same by

changing ν0 accordingly. The steady state current densities at 12 volts

differ by a small amount. Presumably the current density for the Marcus

formalism is somewhat higher, but more accurate calculations and more

accurate values of the intrinsic rate are needed to be certain.

3.11 Relaxation of the mobility of single holes

In addition to the current density, the relaxation of the mobility of holes

of device B is also investigated. The parameters a and σ̂ are taken from

an EGDM analysis of the hole mobility in PF-TAA [23, 25]. The lattice

parameter is 1.19 nm and the inverse localisation length is 0.1 nm. The

temperature is 300 K and the disorder strength is σ̂ = 5.11.

Figure 3.16 shows the relaxation for different strengths of the electric

field in units of σ/(ea). Note also that the time is not in seconds but in

t0 = (ν0 exp[−2αa])−1.
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Figure 3.16: Mobility relaxation curves for four different electric field
strengths. The disorder strength is σ̂ = 5.11.

If the electric field is higher, the steady state mobility is also higher

and the relaxation is faster. A similar behaviour is observed in the current



3.11. RELAXATION OF THE MOBILITY OF SINGLE HOLES 41

density of the DI transients of device B (see figure 3.8b). The result is

explained as follows: the electric field increases the energy difference between

two sites (2.8). An increase in the strength of the electric field on average

increases the number of possible hops to a site with a lower energy. Therefore

in a steady state situation the average on-site energy is higher in the presence

of an electric field, which also means that in that case the mobility is higher.

The relaxation of the mobility in the presence of an electric field is also

faster because of the increase in the number of possible hops to a site with

a lower energy, which increases the hopping rate and therefore allows more

hops in the same time.

The data presented here can be used for analysis in the multiple trapping

model and deduce a value for the conduction level energy within this context.

However this lies beyond the scope of the project.
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Chapter 4

Conclusions and outlook

4.1 Conclusions

Single carrier type charge transport in devices that consist of a single

layer of organic material placed between two metallic electrodes is studied.

Charge transport in the organic material is taking place by a hopping process

from site to site, where each site has its energy taken from a Gaussian distri-

bution with a width σ. Three dimensional models, that includes the effects

of space charge, image potential, injection barriers, different hopping rates,

disorder, electric field and carrier density, have been used. Two methods

have been used for implementing the model: the three dimensional master

equation (3DME) method that calculates the occupational probability of

the sites, and the Monte Carlo (MC) method that calculates the positions

and trajectories of the carriers. Both methods have been used for simulating

dark injection (DI) experiments, where the response of the current density

(transient) in a device on a voltage pulse is measured.

Device A, which has been introduced by Van der Holst et al. [21], has

been studied first. The DI transient shows a peak occurring when the first

injected charges reach the other side of the device, as predicted by Many

and Rakavy [11]. A relaxation of the current density takes place after the

peak due to the fact that during the occurrence of the peak more charge is

present in the device than it can hold under steady state conditions. The

transport of charge carriers is observed as a ’wave’ travelling through the

device.

Close to the electrodes, a charge density much higher (by one order of

magnitude or more) than in the middle of the device, is observed. This is

due to the diffusion of carriers from the electrodes into the device, which is

eventually blocked by the electrostatic potential of the carriers. If an electric

field is applied the charge density distribution is changed by the drift current

in such a way that it is increased close to the anode and decreased close

43
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to the cathode. The presence of an injection barrier decreases the charge

density close to the electrodes, because a barrier decreases the hopping rate

for injection, while the hopping rate for collection is not affected.

Contradictory to the results of Many and Rakavy a high current density,

which relaxes before the occurrence of the peak, is observed. This can be

explained partially by the fact that Many and Rakavy have not taken diffu-

sion into account. Another reason for this is the relaxation of the mobility of

single carriers. Once carriers are injected into the device, hops to sites with

a lower energy than the current site are more probable than hops to sites

with a higher energy, which on-average leads to a decreasing on-site energy

with an increasing number of hops (or time). Since the hopping rates of

carriers located on a site with a low energy are low, this process leads to

a decrease of the carrier mobility. Because the charge transport is space

charge limited, this also leads to a decrease of the current density.

The current density is influenced by short range Coulomb interactions

(SRCI) between the carriers. The current density is either enhanced or

reduced by the SRCI, a result that has been found earlier by Van der Holst

et al. [21]. This explains the difference between the results of the MC

method and the 3DME method in device A, beause in the 3DME method

SRCI are not taken into account. However there is no difference observed

in device B, which is explained by the fact that additional sites due to the

larger thickness of device B have created more sites on the percolating path,

which counteracts the effect of the SRCI.

It has been found that the disorder strength σ̂ = σ/(kBT ) has a large

influence on the steady state current density and on the relaxation time of

the current density. This is directly related to the relaxation of the mobility

of singe carriers. At higher disorder strengths the relaxation time is longer

and the steady state mobility (and current density) is lower, because the

hopping rates are on-average lower and the density of tail-state sites (or low

energy sites) is higher.

The device parameters of device B have been obtained by a fitting pro-

cedure using the EGDM [10]. When these parameters are used in the three

dimensional model it is found that the steady state current densities and the

peak times of the DI transients are in good agreement with the experimental

results.

If the relaxation of the current density is fast enough, like in device A,

a dip before the peak is observed in the DI transients. This is also observed

in the experimental results of device B, but not in the simulations. This

discrepancy might have resulted from an incorrect disorder parameter. The

parameter used in the three dimensional model is determined experimentally

with an uncertainty range. Changes in the disorder within this range might
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produce results similar to the experiments. However this is not the case. The

other possible explanation considered is that the tail states of the Gaussian

DOS traps the carriers in such a way that the relaxation is too slow. In

order to check this, instead of a regular Gaussian DOS, a modified DOS

is used in the model. The tail states below a certain cutoff energy are not

occurring in the modified model. The simulated DI transients of the modified

model indeed show a faster relaxation due to the reduction of trap states.

The modification of the DOS also results in a higher steady state current

density due to the increased carrier mobility, which has been corrected by

also modifying the intrinsic rate ν0. However the resulting steady state

current density dependence on the voltage is significantly different from the

experimentally found current voltage dependence, which means that other

device parameters also have to be modified. This may also explain the

deviant peak times found with the modified model. Therefore it is concluded

that a reduction of the density of trap states can explain a faster relaxation

of the current density.

When the hopping rate is not calculated with the Miller-Abrahams form-

alism but with the Marcus formalism, it leads only to some minor differences

in the DI transients. The peak time and amplitude and the relaxation time

of the current density are influenced by the reorganisation energy, showing

a faster relaxation if the reoganisation energy is increased from 0.1 eV to

0.2 eV.

4.2 Outlook

These are a few suggestions for further research:

• Although the non-Gaussian DOS model looks promising for reducing

the relaxation time, it needs modifications in (some of) the parameters

to find a better agreement with the experimental results.

• The Marcus hopping formalism has a minor influence on the DI tran-

sients, but the model needs improvement to determine exactly the

differences with the MA hopping.

• The construction of a new one-dimensional model that includes the

correct relaxation of the mobility of the charge carriers, because this

allows more efficient and faster modelling of OLED devices.
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Appendix A

Time dependent simulations

A.1 Dark injection simulations
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Figure A.1: A comparison between the fixed interval and the exponentially
increasing interval method. These simulations show current transients of
device B after the voltage switched from 1.5 V to 12 V.

In a time dependent Monte Carlo simulation the current density is calu-

lated by taking its average value during the relevant time interval. It is

important to choose the length of the time intervals correctly. It is not

necessary to choose the length of the intervals much smaller than the time

scale of the simulation because this does not add any new information. If

the time intervals are longer the results are more reliable and less noisy. In

figure A.1 the results of a dark injection transient simulation are shown. The

only difference between the two graphs is the length of the time intervals.

The graph on the left, having fixed time intervals (figure A.1a), becomes

noisy at large time scales. This does not happen if the time intervals are

increased exponentially (figure A.1b).
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The algorithm used for calculating the length of the time intervals is

given in algorithm A.1. This algorithm calculates the number of hops after

which data is recorded.

Algorithm A.1 Algorithm used to determine the length of the time inter-
vals in the MC dark injection simulations.

LogTotal = log(NTIMESTEPS) ⊲ NTIMESTEPS is the total # hops
if NumEntries > 1 then ⊲ NumEntries is # data points

List[0] = 1 ⊲ List of hop numbers
end if

j = 0
LogLast = log(List[0])
for i = 1 → (NumEntries− 2) do ⊲ Calculate new data points

Next =
⌊

exp
(

(i−j)·(LogTotal−LogLast)
NumEntries−i−1 + LogLast

)⌋

if Next < List[i− 1] + 1 then ⊲ Next point should be bigger
j = j + 1
List[i] = List[i− 1] + 1 ⊲ Next point is 1 bigger
LogLast = log(List[i])

else

List[i] = Next ⊲ Exponential increase of interval length
end if

end for

List[NumEntries− 1] = NTIMESTEPS ⊲ Last point = total # hops

A.2 Mobility relaxation

In the Monte Carlo program used to calculate the relaxation of the mo-

bility, the time intervals after which the data is recorded are increasing ex-

ponentially in length. This reduces the noise level in the data, an effect very

similar to the effect described in the previous section. The algorithm used

here is different (see algorithm A.2). The index of a data point is labeled

with k, starting with k = 1. After starting the simulation, every time the

simulation time tsim is larger than tk = 10dk · tc, with tc = ν0 exp(−2αa) and

d a parameter to control the sample rate, the data is recorded. This is re-

peated up to the largest k until tsim < tk. Then k is increased by one and

the procedure is repeated until k reaches a maximum value.
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Algorithm A.2 Algorithm used to determine the length of the time inter-
vals in the MC mobility relaxation program.

for all configurations do ⊲ Charge and disorder configurations
i = 0 ⊲ i is used to limit number of hops
k = 1 ⊲ k is index of data point
while i < RELAXTIMESTEPS do

i = i+ 1
make time step ⊲ Make next hop
if t > 10dk ∧ ¬(ending) then ⊲ d is used to control sample rate

while t > 10dk ∧ ¬(ending) do ⊲ t in units of tc
calculate new average and standard deviation for point k
if k < FINALTIME then

k = k + 1 ⊲ go to next k
else

ending = True ⊲ break out of loop
end if

end while

end if

if k ≥ FINALTIME then

i = RELAXTIMESTEPS ⊲ break out of loop
end if

end while

update output files
end for
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Appendix B

Implementing Marcus

hopping in the Monte Carlo

code

The Marcus hopping is implemented in the Monte Carlo program in the

same way the Miller-Abrahams hopping is implemented. The only difference

is the calculation of the hopping rate. The reorganisation energy is used as

an input parameter. If the hopping rate to and from electrodes is calculated

the same way as the hopping rate between two organic sites (i.e. by adding

the barrier to the energy difference), it leads to the problem that this hopping

rate is too low.

Figure B.1a shows how the hopping rate depends on the energy differ-

ence between two sites. A positive energy difference means that the destin-

ation site has the highest energy. The reorganisation energy in this figure

is Er = 0.15 eV. If charge carriers have to pass an injection barrier of more

than 0.5 eV the rate is more than 1012 times lower than without the barrier.

Carriers cannot hop into the device within a reasonable time.

Hops downward in energy have a higher rate. However this is only true til

∆E = −2Er. If the energy difference between the sites becomes even smaller

(more negative) the hopping rates decrease. This is called the inverted

regime. With Er = 0.15 eV, if the charge carrier passes a negative barrier

(or leaves the device through a positive barrier) of 0.8 eV, the rate is 1012

times lower than without the barrier. So, the barriers at the cathode side

are also a problem for holes.

Figure B.1b shows charge density distributions in device B. The distri-

bution for the incorrect Marcus formalism shows a high charge density close

to the cathode. This happens because at the cathode there is a injection

barrier. Although the holes can hop downward in energy, the hopping rate

51
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Figure B.1: (a) shows the hopping rate dependence on the energy differ-
ence ∆Eij between two sites. (b) shows the steady state charge density
distributions of device B for 1 particular disorder. The voltage is 3 V. The
distributions are plotted for Miller-Abrahams hopping, and two Marcus hop-
ping implementations: one uses the same formalism for all hops (incorrect),
the other uses a modified rate calculation for injection and collection (mod-
ified).

is too low. The holes are not able to leave the device. The injection and col-

lection rates are therefore calculated with the Miller-Abrahams formalism,

which is a quick solution to this problem. The distribution for the modified

Marcus hopping does not show the high charge density close to the cathode

anymore. The distribution for Miller-Abrahams hopping is also shown in

figure B.1b as a comparison. It looks quite similar to the distribution of the

modified Marcus hopping simulation.

The more elegant way of calculating the hopping rate to and from elec-

trodes is described by Marcus [14]. The hopping rate is calculated as:

κ = A exp

[

− 1

kBT

λ

4

(

1 +
∆G0

λ

)2
]

, (B.1)

which can be expressed in parameters used in this report as

A = ν0

√

π

ErkBT
exp [−2α |Rij |] ,

λ = Er,

∆G0 = ∆Eij .

The reorganisation energy consists of solvational (λ0) and vibrational (λi)

components:
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λ = λ0 + λi. (B.2)

The solvational component λ0 is calculated from the two ionic radii a1 and

a2 and the site-to-site distance R of the two reactants, the optical (Dop) and

static (Ds) dielectric constants of the solvent, and the transferred charge

(∆e) as:

λ0 = (∆e)2
[

1

2a1
+

1

2a2
− 1

R

] [

1

Dop
− 1

Ds

]

. (B.3)

If the hop takes place between an organic site and an electrode, the reorgan-

isation energy λ should be changed because now for only one of the sites the

on-site energy depends on the presence of a charge carrier. Therefore 1/2a2
is absent from (B.3) and R equals twice the distance from the site to the

electrode. The energy difference ∆G0 should be replaced by eη, with η the

activation overpotential. This is the energy difference between the electrode

and the organic site relative to the energy difference between those sites if

the forward and backward hopping rates were equal. Also the parameter A,

that depends on the geometry of the situation, should be changed.
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